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The main focus of this study is the use of electrodialysis and bioleaching technologies 
to treat spent Ni-Mo hydroprocessing catalysts and to develop a novel “electro-
bioleaching” technique to recover the heavy metals (Al, Ni and Mo) from the spent 
catalysts. 
A systematic characterization of both coked and decoked Ketjenfine KF840 catalyst 
was first carried out to allow a better understanding of the different leaching results of 
the catalysts.  
Electrodialysis was investigated with various assisting agents added to spent catalysts 
of two different states - coked and decoked. The assisting agents tested were (i) 0.1M 
citric acid, (ii) A. thiooxidans two-step culture medium (where the bacteria was first 
cultured in nutrient medium without catalyst for three days, after which the medium 
was added to the catalysts), and (iii) A. thiooxidans spent medium (where the bacteria 
was first cultured in nutrient medium without catalyst for seven days followed by 
filtration to remove cells, after which the medium was added to the catalysts). Control 
experiments were also run using deionized water. 
It was found that the A. thiooxidans spent medium gave the highest metal leaching 
efficiency in the electrodialytic cell, followed by citric acid. A. thiooxidans two-step 
culture medium fared much worse both in terms of metal leaching efficiency and metal 
transport. The best leaching efficiencies obtained for Al, Ni and Mo were 48.7%, 88.0% 
and 52.8% respectively. However, none of the assisting agents resulted in a reduction 
of the Ni concentration in the Toxicity Characteristic Leaching Procedure (TCLP) 
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1.1 General introduction 
Spent hydroprocessing catalysts are discarded as solid wastes from the petroleum 
refining industry. Its amount has increased significantly in recent years due to an ever-
increasing global demand for desulfurized petroleum. It is estimated that the current 
total quantity of spent hydroprocessing catalysts generated worldwide is around 
150,000-170,000 tons/year (Dufresne, 2007). This amount can only be expected to 
increase as new hydrotreating plants are built.  
At the same time, spent hydroprocessing catalysts are classified as hazardous waste 
(USEPA, 2002) since heavy metals present in the catalysts can be leached by water 
after disposal and pollute the environment. Environmental regulations prohibit the 
disposal of catalysts in landfills in favor of metal reclamation since “potential 
liabilities associated with landfilling may exceed US$200/ton spent catalyst” (Marafi 
and Stanislaus, 2008b).  
Much effort made by many researchers to deal with the environmental problem of 
spent catalysts has resulted in a number of technologies for metal recovery from 
catalysts and treatment methods for safe disposal of these catalysts. These 
technologies include roasting, acid and caustic leaching, salt roasting followed by 
water leaching, smelting and anhydrous chlorination (Zeng and Cheng, 2009). 
However, most of these processes are commonly carried out at elevated temperatures 
and pressure, which consume high energy and generate harmful byproducts. There is 
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therefore a need to develop more environmentally-friendly metal extraction 
technologies. 
A technology not well explored in the treatment of spent catalysts is 
electroremediation. In electroremediation, an applied electric field is the driving force 
to separate and extract contaminants from a substrate. Electroremediation includes 
electrokinetics (EK) and electrodialysis (ED). In EK, a low intensity direct current 
applied across electrode pairs implanted in the ground leads to water electrolysis, and 
the generation of hydrogen ions and hydroxyl ions at the anode and cathode 
respectively (Figure 1.1). Hydrogen ions, upon migration into the soil, displace 
adsorbed metal ions into the soil pore fluid, and the aqueous phase contaminants are 
then transported to the electrodes by EK transport mechanisms. These contaminants 
may be extracted using a recovery system or may be deposited at the electrode (Acar 





Figure 1.1: Schematic diagram of an electrokinetic configuration depicting the 
transport of ionic species under an electric field. 
 
ED is a modified electroremediation process in which ion-exchange membranes 
separate the substrate from the electrode compartments (Figure 1.2). It is considered to 
be an improvement over EK since it isolates the remediation process in the substrate 
from the electrode reactions. This physically hinders the intrusion of an alkaline front 
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from the cathode into the substrate and the precipitation of metal hydroxides. 
Furthermore, since no ions can enter the substrate from the electrode compartments, 
no current is wasted in carrying ions from one electrode compartment to the other 
(Ottosen et al., 1997). Lastly, an acidic front may be created due to water-splitting at 
the surface of the anion-exchange membrane and aid in the solubilization of 
contaminants (Ottosen et al., 2000). 
 
Figure 1.2: Schematic diagram of an electrodialytic configuration depicting the 
transport of ionic species under an electric field. AEX = anion-exchange membranes 
and CEX = cation-exchange membranes. 
 
A more recently reported technology in the treatment of spent catalysts is microbial 
bioleaching. It is based on the natural ability of microorganisms to transform solid 
compounds to a soluble and extractable form (Krebs et al., 1997). In the treatment of 
spent catalysts, bioleaching is preferred over chemical leaching because the latter 
involves high costs and may generate large volumes of potentially hazardous waste 
and gaseous emissions (Brandl, 2001). Microbial leaching is touted as a “green” 
technology due to its mild process conditions.  
Interestingly, the integration of bioleaching and electroremediation may prove to 
have synergistic attributes. Electroremediation transports metal ions according to 
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speciation; metals present as hydroxides or oxides may be solubilized by acidification, 
while insoluble metal sulfides will not be extracted. However, sulfur-oxidizing 
bacteria can convert metal sulfides to sulfates and enable the subsequent transport by 
electromigration. As well, the directional transport of metal ions in 
electroremediation is a useful accompaniment to bioleaching as solubilized metals 
can be removed at the cathode for straightforward downstream processing. Last but 
not least, the integration of bioleaching with electroremediation has the potential to 














1.2 Objectives and Scope 
The primary aim of this thesis is to evaluate the potential of (i) electrodialysis (ED) 
and (ii) integrating ED with bioleaching to remove heavy metals from spent Ni-Mo 
hydroprocessing catalysts. The specific objectives are: 
(i) To characterize some of the physical and chemical properties of spent Ni-
Mo hydroprocessing catalysts (coked and decoked) which include: 
a. Determination of maximum particle size after grinding, specific 
surface area, total pore volume, morphology as well as crystal 
structure. 
b. Determination of overall elemental composition as well as chemical 
states of important elements. 
c. Toxicity characteristic leaching procedure (TCLP) test results. 
(ii) To investigate the effect of chemical assisting solutions (0.1M acetic, 
citric and sulfuric acid) on the metal (Al, Ni and Mo) extraction 
efficiencies in ED. 
(iii) To investigate the effect of bioleaching assisting agents (Acidithiobacillus 
ferrooxidans and Acidithiobacillus thiooxidans) on the metal extraction 
efficiencies in ED. This includes: 
a. Two-step bioleaching. 






1.3 Preliminary Work 
As the size of the matrix for tests was too large (eight assisting agents and two states 
of spent catalyst), an initial screening of the different assisting agents’ effectiveness 
was necessary so as to identify the more promising options. An assisting agent is a 
solution added to the substrate compartment in an ED cell to aid in the electrodialytic 
removal of one or more specific heavy metals by improving solubilization of the 
target metal(s). The eight assisting agents tested were deionized water, 0.1M acetic 
acid, 0.1M citric acid, and 0.1M sulfuric acid; as well as two-step culture medium of 
A. ferrooxidans, spent culture medium of A. ferrooxidans, two-step culture medium 
of A. thiooxidans and spent culture medium of A. thiooxidans. The two states of spent 
catalyst tested were the coked and decoked states. The protocol for performing these 
preliminary experiments was the same as that used in the actual experiments which 
support this thesis (See Section 3.4), except that these preliminary experiments were 
not conducted in duplicates. The results from these experiments are included in 
Appendix B.1.  
Among the different chemical assisting solutions, only deionized water and 0.1M 
citric acid were evaluated more extensively. Acetic acid was eliminated as its 
leaching efficiencies for Mo were very poor (less than 5% for both coked and 
decoked catalysts). The poor Mo leaching efficiency of acetic acid from spent 
hydroprocessing catalysts has also been reported by Reda (1991). Deionized water 
also gave low Mo leaching efficiencies but was retained to serve as the “blank”. 
Sulfuric acid was eliminated since its effects can be reproduced by A. thiooxidans 
which produces it in bioleaching as the main leaching agent (Mishra et al., 2008). 
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Between the two bioleaching bacteria, A. ferrooxidans and A. thiooxidans, the latter 
performed better, especially in the leaching of Al and Ni. This corroborates the 
results of Ting and Aung (2008), who also reported that A. thiooxidans gave higher 
bioleaching efficiencies from spent hydroprocessing catalysts compared to A. 
ferrooxidans. The lower leaching efficiencies of A. ferrooxidans in the preliminary 
experiments were due to lower concentrations of sulfuric acid and the inability to 
regenerate ferric ions. Therefore, it was decided to focus on examining two-step and 





















2.1 Hydroprocessing catalysts 
Hydroprocessing is a general term that includes hydrotreating, hydrorefining and 
hydrocracking (Rana et al., 2007). Hydroprocessing catalysts are used in the refining 
industry to remove impurities from crude oil and to convert the oil into more 
commercially valuable products. The catalysts contain mostly nickel and/or cobalt, in 
combination with molybdenum supported on an alumina matrix (Furimsky and 
Massoth, 1999). 
2.1.1 Spent hydroprocessing catalysts 
Over time in operation, hydroprocessing catalysts lose their catalytic properties due to 
the deposition of coke, sintering and contamination by various chemicals which adsorb 
on the active sites. Out of the above three causes of deactivation, coke formation is by 
far the most important (Dufresne, 2007). The carbonaceous deposits tend to form a 
layer over the catalyst surface, enveloping the active sites or blocking the pores and 
cutting off access to the active sites (Absi-Halabi et al., 1991). 
At the end of the cycle of hydroprocessing catalysts, the amount of carbon deposition 
varies largely from 5 to 25 wt.% (as final weight of spent catalysts). Other 
contaminants include vanadium, nickel, arsenic and sodium from the feed, silicon and 
lead from additives used during refining operations, and iron from corrosion. Since Ni, 
Co and Mo oxides are converted into their respective sulfides, spent catalysts can also 
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contain sulfur of up to 10 wt.% from the active sulfided phase of the catalysts 
(Scherzer and Gruia, 1996).  
2.1.2 Decoking of spent catalysts 
When coked spent catalysts are subjected to oxidation at high temperatures, a number 
of exothermic reactions occur, among which is the burn-off of C, H and S (Furimsky, 
1991). By using an oxidizing atmosphere at a temperature of 450-550
o
C, carbonaceous 
species of spent catalysts can be eliminated (Dufresne, 2007). The active sulfided 
phase is also progressively oxidized during decoking: Mo
4+
 is oxidized to Mo
6+
, nickel 
sulfides are converted back to nickel oxides, and S
2-
 is partly eliminated through an 
intermediate S
6+
 form (Yoshimura et al., 1991). Trimm (1989) has also postulated a 
number of reactions that could occur during decoking, as listed in Table 2.1 below. 
Table 2.1 Possible chemical reactions during decoking. 
Chemical reactions 
C + O2         CO2 
C + H2O         CO + H2 
2C + O2         2CO 
S + O2         SO2 
MSx + (x + 0.5y)O2          MOy + xSO2 










2.2.1 Definition of electrokinetic extraction 
In electrokinetics (EK) extraction, electrodes are installed across the matrix to be 
treated and a low direct current (DC) is applied across the electrodes (Acar and 
Alshawabkeh, 1993). In the presence of an electrolyte, hydrogen ions generated at the 
anode move into the substrate and displace the contaminants into the aqueous phase. 
On the other hand, generation of hydroxyl ions at the cathode usually reduces the 
efficacy of the treatment due to precipitation of the contaminants as hydroxides. The 
electrical current also causes the contaminants to move by specific transport 
mechanisms of electroosmosis, electromigration, electrophoresis and diffusion out of 
the substrate. According to Ottosen et al. (2008), the key to successful heavy metal 
removal in an applied electric field is to desorb/dissolve the heavy metals prior to or 
during the application of the electric field.  
2.2.2 Electrokinetics transport mechanisms 
The transport mechanisms in EK include electroosmosis, electromigration, 
electrophoresis and, to a lesser extent, diffusion. Electroosmosis is the movement of 
water induced by an electric field, and is important mainly for transport of large ions 
and neutral species. It occurs as water molecules are pushed or dragged towards the 
electrode together with the ions moving by electromigration (Ottosen et al., 2008). 
Electromigration is the separation of anions and cations by their migration to the anode 
and cathode respectively and it does not require any fluid flow as the ions can migrate 
in a stationary fluid. Electrophoresis is the transport of charged particles, such as 





Application of DC results in electrolysis reactions at the electrodes. Usually, water 
electrolysis occurs (Acar and Alshawabkeh, 1993):  
Anode: 2H2O - 4e
-
        4H
+
 + O2 (g); Eo = -1.229V     (2.1) 
Cathode: 2H2O + 2e
-
        2OH
-
 + H2 (g); Eo = -0.828V    (2.2) 
In the above, Eo is the standard reduction electrochemical potential, which is a 
measure of the tendency of the reactants to proceed to products, and where all 
components are in a standard state of 25
o
C, with ion concentrations of 1M and gas 
pressures of 1 atm.  
The actual electrolysis reaction depends upon the chemistry of the electrolyte, pH and 
the standard reduction potential for ions in the electrolyte (Alshawabkeh and 
Maillacheruvu, 2001). Even though some secondary reactions may be favored at the 
cathode due to their lower electrochemical potentials, the water reduction half reaction 
is dominant at early stages of the process (Acar and Alshawabkeh, 1993). 
2.2.4 Enhancement of electrokinetic extraction 
To increase solubility and assist in the movement of contaminants out of the substrate, 
surfactants and complexing agents can be added to it. Examples include acetic acid, 
pyridine-2,6-dicarboxylic acid (PDA), ethylenediamine tetraacetic acid (EDTA) and 
sodium metabisulfite (Na2S2O5) (Gidarakos and Gianni, 2006). When choosing an 
appropriate assisting solution, the target metal(s) for extraction and the nature of the 
substrate are essential factors to be taken into consideration. Alternatively, the pH of 
the substrate could be reduced to achieve solubilization of most contaminants 
(Virkutyte et al., 2006). 
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Another method to enhance contaminant removal rates in EK is to introduce reagents 
at the electrodes. This is because by manipulation of the conditions surrounding the 
cathode, an acidic pH can be maintained to prevent precipitation of the cationic heavy 
metals which have migrated to the catholyte and facilitate extraction (Li and Li, 2000). 
2.2.5 Electrokinetic extraction of solid waste 
EK has been used mainly in the extraction of metals from contaminated soils (Acar 
and Alshawabkeh, 1993). Its success has led to interests in applications on other 
substances such as sludges and sediments. Some of these examples are presented in 
Table 2.2. 
Table 2.2 Examples of EK decontamination applications. 
Substance Contaminant(s) extracted Reference(s) 
Saturated soils Cd, Zn Gidarakos and Giannis, 2006 
Anaerobic granular sludges Cu, Fe Virkutyte et al., 2006 
Mine tailings As Baek et al., 2009 
Mining and iron-steel sludges Fe, Al, Mg, Mn, Zn, Pb Pazos et al., 2009 
Sediments Hexachlorobenzene Wan et al., 2009 
 
In the work of Baek et al. (2009), EK was used to treat arsenic-contaminated mine 
tailings in the laboratory. Initial concentration of arsenic was 83 mg/kg; after 28 days 
operation with catholyte conditioning using 0.1M nitric acid, 62% of the initial arsenic 








2.3.1 Definition of electrodialytic extraction 
In electrodialysis (ED), ion-exchange membranes separate the substrate from the 
electrode compartments to prevent the intrusion of electrolytic products from the 
electrode into the substrate. Hence, OH
-
 produced at the surface of the cathode is 
prevented from entering the substrate compartment. Since heavy metals adsorb to solid 
particles or precipitate as hydroxides under basic conditions, and desorb, solubilize 
and migrate under acidic conditions, ED is an improvement over EK to extract heavy 
metals (Virkutyte et al., 2002). ED is most suitable for the selective transport of small 
charged species as electroosmotic transport is reduced significantly by the application 
of membranes.  
2.3.2 Factors influencing electrodialytic extraction 
2.3.2.1 Extraction period 
Generally, it is agreed upon that a longer time increases the extraction effectiveness 
(Viadero et al., 1998; Chung and Kang, 1999). Jensen et al. (2007b) reported doubling 
the extraction effectiveness of lead from soil fines when the ED duration was 
approximately quadrupled. 
2.3.2.2 Applied electric field 
Applied current densities between 0.04 and 1.2 mA/cm
2
 and voltage gradients between 
0.4 and 0.8 V/cm are reported in literature for ED (Jensen et al., 2007c). A higher 
current density through the cell positively affects ED up to a certain limiting value, 
known as the limiting current density jL, and has a typical value of 0.4 mA/cm
2
 in ED 
soil remediation (Hansen et al., 1999; Ottosen et al., 2000). The limiting current 
density is known to be a function of the species to be removed and its concentration in 
the substrate (Janssen and Koene, 2002). The limiting current density also affects 
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whether water splitting will occur at the surface of the ion-exchange membranes. If the 
current density used in the ED cell exceeds the limiting value for the anion-exchange 
membrane (AEX) but not that for the cation-exchange membrane (CEX), a H
+
 front 
will be created at the AEX surface and pass through the substrate compartment 
towards the cathode, while at the same time no OH
-
 front will occur from the CEX. 
This is valuable for desorption of cationic heavy metals (Hansen et al., 1999). 
2.3.2.3 Electrodes 
Electrodes that are inert to anodic dissolution should be used during the process. 
Suitable electrodes usually used for research purposes include graphite, titanium and 
platinum electrodes. 
2.3.2.4 Liquid-to-solid ratio 
ED has been used to remove heavy metals present in low concentrations, i.e., lower 
than 1000 ppm (Janssen and Koene, 2002). The liquid-to-solid ratio of a water-catalyst 
system would determine whether a heavy metal is present in low or high concentration. 
As an example, 5 g of catalyst (assumed to contain 10 wt.% Mo) suspended in 100 ml 
of water gives a Mo concentration of 5000 ppm.  
2.3.2.5 Homogeneity of mixture 
If the substrate mixture is not well-mixed, the electric current may flow only through 
the stagnant liquid above the settled particles. Also, dissolution would be inefficient 
since the solids at the bottom would not be in contact with the solution. In fact, 
suspended ED (i.e., where the substrate mixture was well mixed) was reported to 
shorten the remediation time of mine tailings by a factor of 20 when compared to static 





2.3.2.6 Assisting solutions 
Addition of appropriate assisting solutions to the substrate can improve desorption of 
one or more specific heavy metals, either by favoring the metal(s) of concern through 
selective chelating (Pedersen, 2002); or by acidification of the substrate since many 
heavy metals are soluble at low pH (Lima et al., 2009). 
2.3.2.7 Chelating agents in combination with electrodialysis 
Most of the metals in the periodic system are able to form complexes or chelates. The 
higher valence of the metal ion, the more stable are the complexes and chelates formed. 
In particular, the transition metals may form a large variety of complexes and chelates. 
The stability of complexes of some common divalent metal ions is predicted to follow 
the following order: Cu > Ni > Pb > Co > Zn > Cd > Fe > Mn > Mg. This order is 
independent of the nature of the ligands involved. The stability of metal complexes 
and chelates may nevertheless be greatly dependent on the nature of other positive ions 
in the solution. 
In particular, citric acid is an inexpensive and easy-to-handle organic acid. Citrate, 
which is a naturally occurring chelating agent, forms stable chelates with several 
heavy metals and has previously been used for extraction of heavy metals from 
polluted soils (Wasay et al., 1998; Peters, 1999). An expected citrate chelate to be 
formed with divalent metal ions (Me
2+
) is the monovalent, negatively charged 
[MeCit]
1−





       [MeCit]
1−
        (2.3) 
2.3.2.8 Target element 
Since electromigration is the transport of ions, it is essential that the target elements to 




2.3.3 Electrodialytic extraction of solid waste 
ED has gained much interest as a decontaminating technology for various solid waste 
products. Some examples are presented in Table 2.3. 
Table 2.3 Examples of ED decontamination applications. 
Substance Contaminant(s) extracted Reference(s) 
MSWI fly ash Cd, Pb, Zn, Cu, Cr Pedersen, 2002 
Soil fines Pb Jensen et al., 2007b 
Harbor sediments Cu, Pb, Zn, Cd Kirkelund et al. 2009 
Biomass fly ash Ca, Cu, Cr, Cd Lima et al., 2009 
Mine tailings Cu Rojo and Cubillos, 2009 
 
Pedersen (2002) examined the removal of heavy metals from municipal solid waste 
incineration (MSWI) fly ash using ED with different assisting solutions. The initial 
heavy metal contaminant concentrations (mg/kg-dry mass) were: Cd (241), Pb (8070), 
Zn (17140), Cu (1570), and Cr (285). After an ED period of two weeks under an 
applied current density of 0.8 mA/cm
2
, the best cumulated metal removal efficiency 
was obtained in the experiment with 2.5% NH3 added as the assisting solution. With 
2.5% NH3, almost 100% of the initial Cd content was removed; however, removal for 
the remaining four metals was each less than 50%. Nevertheless, it demonstrated the 
effectiveness of enhancing ED by the addition of appropriate assisting solutions. 
In another study by Jensen et al. (2007b), ED was investigated as an alternative 
treatment to remove lead from contaminated soil fines less than 63 m in size. The 
initial Pb concentration was 1170 mg/kg-dry soil. After a remediation period of 800 
hours and an applied current density of 0.6 mA/cm
2
, up to 96% of the initial Pb 
concentration was removed. This demonstrated the effectiveness of ED in treating 






2.4.1 Introduction  
Bioleaching, a metal solubilization process involving the use of microorganisms, may 
have been used since Greek and Roman times more than 2000 years ago to extract 
copper from mine water. However, it has been known only for about 50 years that 
bacteria are mainly responsible for the enrichment of metals in water from ore deposits 
and mines. Increasingly, microbial leaching is being applied for metal recovery from 
low-grade ores and concentrates that cannot be processed economically by 
conventional methods (Bosecker, 1997).  
Recently, there have been some interests in the application of bioleaching in industrial 
wastes as it allows recycling of extracted metals, similar to natural biogeochemical 
metal cycles, and diminishes the demand for resources such as ores, energy and 
landfill space (Krebs et al., 1997). Compared with conventional thermal solid waste 
treatment techniques, bioleaching is also considered to be environmentally friendly as 
it is economic and not energy-intensive in the removal and recovery of metals (Brandl, 
2001).  
Bioleaching has been described as a new and promising technology for obtaining 
valuable metals from mining or industrial waste products or for the detoxification of 
the wastes (Brombacher et al., 1997). Various definitions of bioleaching have been 
given. These include the following: 
1. “The winning of metals with the aid of bacteria, based on the capacity of 
certain bacteria of the genus Acidithiobacillus to convert sparingly soluble 
metal compounds by biochemical reaction mechanisms into water-soluble 
metal sulfates.” (Bosecker, 1987) 
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2. “Extraction of solubilization of metal values from ores, mediated by microbes; 
may involve enzymatic oxidation or reduction of ore minerals, or attack of the 
minerals by metabolic products with corrosive properties.” (Ehrlich, 1992) 
3. “Bioleaching processes are based on the ability of microorganisms (bacteria, 
fungi) to transform solid compounds resulting in soluble and extractable 
elements which can be recovered.” (Krebs et al., 1997) 
2.4.2 Microorganisms in bioleaching 
Microorganisms involved in bioleaching can be divided into three groups: 
chemolithoautotrophic bacteria, heterotrophic bacteria and heterotrophic fungi.  
2.4.2.1 Chemolithoautotrophic bacteria 
Chemolithoautotrophic bacteria derive carbon for the synthesis of new cell material 
from atmospheric carbon dioxide and energy from oxidation of inorganic compounds 
such as elemental sulfur, sulfides and ferrous ions (Bosecker, 1997). 
Among the chemolithoautotrophic bacteria, acidophilic A. ferrooxidans and A. 
thiooxidans are of particular importance. For both aerobic bacteria, the energy required 
for the fixation of carbon dioxide is derived from the oxidation of sulfur and/or 
reduced sulfur compounds to sulfate: 
2S + 3O2 + 2H2O  2H2SO4                 (2.4) 
A. thiooxidans oxidizes sulfur more efficiently and more rapidly than A. ferrooxidans 
but A. ferrooxidans can oxidize ferrous ions in addition to obtain energy, converting 
ferrous sulfide to ferric ions and sulfuric acid: 
4FeS2 + 15O2 + 2H2O         2Fe2(SO4)3 + 2H2SO4               (2.5) 
In both instances, the sulfuric acid produced lowers the pH of the environment to 
between 1.5 and 3, at which most metal ions remain in solution (Gomez and 
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Bosecker, 1999). A. ferrooxidans and A. thiooxidans have been extensively 
investigated for the bioleaching of spent catalysts (Aung and Ting, 2005; Santhiya 
and Ting, 2006; Mishra et al., 2008). 
2.4.2.2 Heterotrophic bacteria 
Heterotrophic bacteria require a supply of organic molecules, such as sugars, alcohols 
and hydrocarbons as their carbon and energy source. However, degradation of organic 
compounds will terminate if nitrogen and phosphate compounds are at low 
concentrations. Heterotrophic members of the genus Bacillus and Pseudomonas are 
the most effective in metal solubilization (Bosecker, 1997).  
2.4.2.3 Heterotrophic fungi 
All fungi are chemoheterotrophs; they require a supply of organic carbon and energy 
source. Fungi solubilize metal compounds via extracellular metabolites, mainly in the 
form of organic acids. Examples of organic acids include citric, gluconic and oxalic 
acids. This is greatly advantageous since organic acids increase the solubility of metal 
ions at non-acidic pH values through complexing. Additionally, complexes of heavy 
metal cations and organic acid anions may reduce the toxicity of the metals. The 
genera Aspergillus and Penicillium are the most important fungi used in bioleaching 
applications (Bosecker, 1997). 
2.4.3 Bioleaching mechanisms 
Silverman and Ehrlich (1964) suggested that bioleaching can be divided into direct 
leaching and indirect leaching, each further differing in the leaching mechanism.  
Direct leaching: Only prokaryotic cells are able to operate direct leaching because the 
catalytic system for electron transfer is located in their cell envelope. Physical contact 
between the bacteria and the surface of the substrate is necessary for direct leaching to 
occur. Bacterial enzymatic action brings about electrochemical changes across the cell 
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membrane and the substrate and this causes the metals to either accept or donate 
electrons and thus solubilize. Energy is acquired by the bacteria through this process 
(Ehrlich, 1992).  
Indirect leaching: Both prokaryotes and eukaryotes are capable of indirect leaching. 
Indirect leaching takes place when extracellular metabolites secreted by the microbes 
liberate metal ions from the spent catalyst. For example, both A. thiooxidans and A. 
ferrooxidans are capable of attaching onto sulfur particles and oxidizing it for growth. 
Sulfuric acid is produced in the process as a metabolic product and the resultant acidic 
conditions aid in the metal dissolution (Ehrlich, 1997).  
The leaching mechanisms may be divided into three groups: redoxolysis (oxidation 
and reduction reactions), acidolysis (formation of organic or inorganic acids) and 
complexolysis (excretion of complexing agents) (Brandl, 2001). 
2.4.3.1 Redoxolysis 
In the direct mechanism for bacterial metal leaching via redox reactions, metals are 
solubilized by enzymatic reactions through physical contact between the 
microorganisms and the leaching materials. In the indirect redox mechanism, excreted 
metabolic products such as ligands, carbonate or phosphate ions act as chemical 
oxidants or reductants to leach the metal ions (Ehrlich, 1992). 
2.4.3.2 Acidolysis 
The production of organic or inorganic acids in bioleaching aids in metal 
solubilization. In this process, solubilization occurs via protonation of the anions of 
insoluble metal compounds; the metal cations are replaced by protons and mobilized 
into the solution. In the case of metal oxides, the protons and oxygen combine to form 






     Me
2+
 + H2O        (2.6) 
In the above, MeO is the metal oxide. 
Protons are obtained from the acids produced, and its maximum amount determines 
the amount of metal oxides solubilized.  
2.4.3.3 Complexolysis 
Organic acids leach metals through complexation to form soluble metal complexes. 
Complexolysis is a relatively slower process compared to acidolysis, where the 
solubilization of metal ions is based on the complexing capacity of a molecule. If the 
bonds between metal ions and ligands are stronger than the lattice bonds between 
metal ions and solid particles, the metal will be successfully leached from the solid 
particles (Ehrlich, 1992). Other metabolites such as siderophores can also complex and 
solubilize metals (Jensen, 2005). The complexation of heavy metal reduces its toxicity 
to the microbes. 
2.4.4 Factors influencing bioleaching 
Bioleaching effectiveness depends on the efficiency of the microbial species, the 
chemical and mineralogical composition of the material to be leached, and the 
leaching conditions (Bosecker, 1987). Maximum yields of metal extraction can be 
achieved by optimizing the leaching conditions as well as the growth conditions of the 
microbe.  
2.4.4.1 Nutrients 
Microorganisms require nutrients for growth and production of metabolites and the 
synthesis of new cells. For chemolithoautotrophs, inorganic iron or sulfur compounds 
are required and are sometimes available from the minerals leached. Ammonium, 
phosphate and magnesium salts are generally supplied to support an optimum growth 
of microorganisms (Bosecker, 1987).  
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2.4.4.2 Oxygen and carbon dioxide 
Insufficient oxygen or carbon dioxide supply to aerobic or anaerobic microorganisms 
respectively can slow down the microbial growth rate and ultimately the metal 
leaching rate. In the laboratory, rotary incubators provide aeration, shaking and stirring 
to ensure a continuous supply to the microbes. 
2.4.4.3 pH and redox potential 
The pH of a medium should be optimal for the growth of microorganisms as well as 
favor the solubilization of metals. The most favorable conditions for leaching a 
majority of metals occur at low solution pH since low pH enhances metal solubility.  
The redox potential (Eh) is another important factor in a chemolithoautotrophic 
bioleaching system. Strictly aerobic microorganisms can be active only at positive Eh 
values. To produce Fe
3+
, a positive redox potential greater than 300 mV is required. As 
a consequence of the oxidation of Fe
2+
, standard redox potential of around 600 mV is 
reached (Bosecker, 1987).  
A Pourbaix diagram, also known as a Eh-pH diagram, maps out possible stable phases 
of an aqueous electrochemical system. Interestingly, Mo and Ni have stable soluble 
species in the aqueous solution at pH < 2.0 and Eh > 500 mV (Pourbaix, 1966), which 
are the ideal environmental conditions for the growth of acidophilic A. ferrooxidans 
and A. thiooxidans. 
2.4.4.4 Temperature 
A suitable temperature range for bioleaching should be maintained to provide the 
optimum conditions for microbial growth. The bioleaching process is generally not 
effective when temperature falls below 15
o
C due to the slow growth and low 
production of metabolites at low temperatures (Krebs et al., 1997). If spent medium 
(i.e., in the absence of microorganisms) is used, bioleaching efficiency can be 
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increased by operating at higher temperatures (Cameselle et al., 1995) since there are 
no concerns for the effects of high temperature on the microbes. At elevated 
temperatures, metal dissolution rates are higher (Pradhan et al., 2009).  
2.4.4.5 Inoculum 
Pre-culturing of microbes usually increases the bioleaching efficiency, as the microbial 
density and metabolite concentration are increased before the bioleaching. For instance, 
in the bioleaching of spent refinery catalysts using Acidithiobacillus type of bacteria, a 
one-step bioleaching process involving inoculation of bacteria with solid catalysts and 
elemental sulfur was compared with another process where solid spent catalysts were 
added to pre-cultured bacterial medium (Mishra et al., 2007). The study concluded that 
Mo, V and Ni in the catalyst were dissolved more efficiently when there was no direct 
contact between the metals in spent catalysts and the biomass (i.e., in spent medium 
leaching) since higher acid concentrations could be generated. On the other hand, 
Aung and Ting (2005) achieved higher metal leaching efficiencies in the bioleaching 
of spent fluid catalytic cracking catalyst using Aspergillus niger when there was a 
direct contact between the metals and biomass, and this was attributed to 
bioaccumulation by the fungi (Burgstaller and Schinner, 1993). 
2.4.4.6 Metal resistance 
Successful bioleaching is accompanied by an increase in metal ion concentration in the 
leachate. The presence of high concentrations of particular metal ions may be toxic to 
some microbes. This toxic effect is due to four factors: (i) the blocking of functional 
groups of biologically important molecules; (ii) the displacement and/or substitution of 
essential metal ions from biologically important molecules; (iii) the induction of 
conformational changes of polymers; and (iv) the influence on membrane integrity and 
transport processes (Gadd, 1993). Hence, microbes that exhibit a high tolerance or 
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have become adapted to high concentrations of soluble heavy metals in the leach 
suspension should be selected for bioleaching (Santhiya and Ting, 2006). 
2.4.4.7 Chemistry of solid waste 
The leaching efficiency depends on the oxidation states of the metal compounds since 
metal compounds present in water- or acid-soluble form leaches out more easily (Kida 
et al., 1996). 
2.4.4.8 Particle size of solid waste 
A decrease in particle size increases the specific surface area of the solid residue, thus 
increasing the contact area between leaching agents and solid waste. This usually 
results in a higher leaching rate and yield (Mishra et al., 2009). However, there also 
appears to be a minimum particle size, below which the toxicity of solid to microbes is 
increased. Nemati and Harrison (1999) reported that, for the bioleaching of pyrite by 
the acidophilic thermophile Sulfolobus metallicus, decreasing the particle size of pyrite 
enhanced the bioleaching rate. However, when the particle size was decreased to a 
mean diameter of 0.2 m, the bacteria were no longer capable of oxidizing pyrite due 
to severe damage to the structure of the cells.  
2.4.4.9 Pulp density 
Pulp density is defined as the ratio of substrate mass to bioleaching media volume. 
Even though it may be more efficient to use high pulp density, the high solid-to-liquid 
ratio increases the amount of toxic substances in the leaching environment and may 
inhibit the growth of the microorganisms (Bosecker, 1987). Because of this toxic 
effect, pulp density of 1% is usually used in bioleaching applications (Santhiya and 





2.4.4.10 Electric field 
The effects of an applied electric field on the viability and metabolism of bacteria are 
complex. In general, oxidation at the anode generates oxygen gas that stimulates 
aerobic degradation, and hydrogen ions that cause the pH to decrease to below 2, both 
of which are favorable to aerobic acidophiles. DC electric fields stimulate cellular 
metabolic processes in a non-linear way and produce a temperature increase depending 
on field strength and resistivity of the medium that will also affect microbial growth 
and activity (Alshawabkeh and Maillacheruvu, 2001). 
For Thiobacillus ferrooxidans, application of positive potentials was found to be 
detrimental to bacterial activity. This was attributed to the absence of ferrous iron 
(Fe
2+
) which is essential for the growth of T. ferrooxidans (Natarajan, 1992). T. 
ferrooxidans oxidizes Fe
2+
 for energy generation, but at the anode (positive potential), 





, thus inhibiting microbial activity. In fact, it was shown that enhanced yields of 
the T. ferrooxidans could be achieved when the growth medium was employed as 
catholyte (negative potential) due to the in situ electrochemical reduction of Fe
3+ 
in the 
growth medium (Blake et al., 1994). However, Natarajan (1992) also observed a 
drastic decrease in protein content with time in the inoculated medium when exposed 
to negative potentials in the absence of Fe
2+
. Hence, the role of Fe
2+ 
in counteracting 
the harmful effect of applied potentials, whether positive or negative, becomes clear. 
In another study (Jackman et al., 1999), low cell densities of T. ferrooxidans in a liquid 
culture with elemental sulfur as energy source was placed between two opposite 
electrodes and the production of sulfate from sulfur by the bacteria ceased when a 20 
mA/cm
2
 current was applied. However, at high cell densities, activity was recovered 
when the current was terminated, although staining techniques and confocal 
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microscopy afterwards revealed that the majority of cells from the latter were not 
viable and were incapable of growth. The same study also concluded that in soil 
slurries, the metabolism of indigenous sulfur-oxidizing bacteria was stimulated by the 
presence of current. This supports the feasibility of enhanced treatment by 
simultaneous bioleaching and ED of solid waste products. 
2.4.4.11 Bioleaching duration 
Bioleaching typically requires a much longer period to extract heavy metals compared 
to chemical leaching or other conventional treatment techniques that can be completed 
within a few hours. Acidithiobacillus is slow growing and may require several weeks 
to complete the bioleaching process. Hence, sufficiently long period should be 
















A DC electric field can orientate and accelerate the transport of contaminants at a site. 
In addition, it may create favorable conditions for the chemical and biological 
degradation of contaminant compounds for more effective bioremediation. For 
example, Choi et al. (2009) demonstrated the transport of hydrogen and oxygen by 
electroosmosis accelerated the nitrate reduction process in soil.  
Similarly, bioleaching can enhance the electroremediation of contaminants by 
contributing to the solubilization of target elements. For example, Maini et al. (2000) 
combined bioleaching and electrokinetics sequentially to achieve 86% copper 
removal from contaminated soil in 16 days. The pre-acidification by indigenous 
sulfur-oxidizing bacteria (SOB) present in the soil reduced power requirement by 















MATERIALS AND METHODS 
 
All reagents used were of analytical reagent (AR) grade, unless otherwise stated. All 
aqueous solutions were prepared using deionized water. 5% HNO3 used in ICP-MS 
was prepared using ultrapure water.  
3.1 Hydroprocessing catalysts (Ketjenfine KF840) 
Spent hydroprocessing catalyst was kindly provided by Criterion Catalyst, Singapore. 
The catalyst was trilobe in shape with an average lobe diameter of 0.5 mm and length 



















As-received spent catalyst contained substantial amount of coke accumulated during 
the catalytic process. To determine the effects (if any) of the coke matrix on metal 
extraction efficiencies, it was important to compare between coked and decoked spent 
catalysts. 
3.1.1.1 Coked spent catalyst 
The as-received spent catalyst, after being gently dry ground using a porcelain mortar 
and pestle, was referred to as coked spent catalyst. After grinding, the catalyst was in a 
black powder form. No dry screening of the powder was performed. 
3.1.1.2 Decoked spent catalyst 
The coked spent catalyst powder was decoked in a furnace where the temperature was 
maintained at 550
o
C for six hours to remove most of the coke. Results show that 
negligible additional weight loss was obtained beyond six hours (Appendix A.1). After 






Figure 3.2: From left to right - unground coked spent catalyst; ground coked spent 




3.1.2 Physical characterization  
3.1.2.1 Particle size distribution 
The particle size distribution was determined using Coulter LS 230 Particle Size 
Analyzer. The instrument, which can analyze particle size distribution of between 0.04 
and 2000 m, consists of 116 channels spaced logarithmically and each channel is 
capable of detecting a specified particle size via light scattering. 
3.1.2.2 Specific surface area, total pore volume and average pore radius 
The specific surface area (SSA), total pore volume and average pore radius of the 
catalyst were determined using a high speed gas adsorption analyzer (Quantachrome 
Corporation Nova 3000 version 6.07). Samples weighing between 0.05 and 0.1 g were 
degassed overnight at 80
o
C using nitrogen gas as the adsorbent. The sample was 
immersed in liquid nitrogen at a pressure of 770 mmHg and temperature of 77.40 K. 
The SSA was then calculated based on the Brunauer-Emmett-Teller (BET) equation. 
3.1.2.3 Morphology study 
The morphology of the catalyst was observed under a scanning electron microscope 
(SEM) (Joel JSM-5600 LV). Each sample was spread on a metallic stud using carbon 
tape and sputter-coated with platinum. Image analysis was conducted at an 
accelerating voltage of 15 kV and under a high vacuum. 
3.1.2.4 Crystal structure 
The ground catalyst was placed in the sample holder for X-ray diffraction (XRD) 
analysis (Shimadzu X-Ray Diffractometer XRD-6000). The diffraction data from the 
samples were compared with that obtained from the Joint Committee for Powder 
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Diffraction Studies (JCPDS) - International Center for Diffraction Data for peak 
identification. 
3.1.3 Chemical characterization  
3.1.3.1 Elemental composition 
The elemental composition of the catalyst was determined using three different 
methods: inductively-coupled plasma mass spectroscopy (ICP-MS) analysis, SEM-
Energy Dispersive X-ray (SEM-EDX) analysis and CHNS analysis. 
ICP-MS analysis: The catalyst was acid digested using concentrated HNO3 and H2O2 
according to the US EPA SW 846 method 3050B (Appendix A.2). Metal analysis was 
performed using inductively coupled plasma mass spectroscopy (ICP-MS, Agilent 
Technologies 7500 Series) after acid digestion of the sample.  
SEM-EDX analysis: Each sample was spread on a metallic stud using carbon tape 
and sputter-coated with platinum. Energy-dispersive X-ray spectroscopy (EDX) 
(OXFORD Instruments 6647) was used with the SEM to analyze the surface elemental 
composition of the catalyst samples. The EDX data were analyzed using INCA Suite 
Version 4.01. 
CHNS analysis: Carbon and sulfur content of the catalyst were determined using a 
CHNS analyzer (Perkin-Elmer 2400 Series II). 0.9 - 1.1 mg of the sample was 
weighed into a small tin vial with a Perkin-Elmer AD-6 Ultramicrobalance. Four 
standard vials were also prepared using cystine (Perkin-Elmer) containing 29.99 wt.% 
C, 5.03 wt.% H, 11.67 wt.% N and 26.69 wt.% S. The vials were placed into the auto-
sampler installed on the analyzer. Before the samples were analyzed, a series of blank 
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runs (using empty vials) followed by three standard runs were carried out. These vials 
were combusted under an oxygen stream in a furnace at 975
o
C. 
3.1.3.2 Chemical state of elements 
The surface composition and chemical state of the catalyst were examined using a 
commercial X-ray photoelectron spectroscopy (XPS) system (Kratos Axis 165). The 
excitation source was Al Kα radiation (photoelectron energy = 1486.71 eV). Binding 
energies of the compounds of interest were referenced to the binding energy of C 1s at 
284.6 eV. 
3.1.4 Toxicity characteristic leaching procedure  
Toxicity characteristic leaching procedure (TCLP) tests were performed on the 
catalysts according to the US EPA SW 846 method 1311 (Appendix A.3). Following 
the initial test to determine the appropriate extraction fluid, TCLP extraction fluid #1 











The basic characteristics of Acidithiobacillus ferrooxidans and Acidithiobacillus 
thiooxidans are presented in Table 3.1 (Garrity, 2005).  
Table 3.1 Basic characteristics of A. thiooxidans and A. ferrooxidans. 
Characteristic A. thiooxidans A. ferrooxidans 
Optimum pH 2.0 - 3.0 2.5 
pH limits 0.5 - 5.5 1.3 - 4.5 
Optimum temperature, 
o
C 28 - 30 30 - 35 
Temperature range, 
o
C 10 - 37 10 - 37 (no growth at 42) 
Nitrogen source Ammonium sulfate Ammonium salts  
Growth on:   
          Sulfur + + 
          Thiosulfate + + 
          Metal sulfides + + 
          Ferrous iron - + 
          Methylated sulfides - - 
          Complex media - - 
 
3.2.1 Growth medium 
Strains of A. ferrooxidans and A. thiooxidans were obtained from Dr. Natarajan 
(Department of Metallurgy, Indian Institute of Science, Bangalore, India).  
A. ferrooxidans was cultivated in Silverman and Lundgren’s 9K medium. One liter of 
9K medium was prepared by mixing an iron solution and a basal salts solution. For the 
iron solution, 44.1 g FeSO4.7H2O was added to 300 ml water acidified with 1 ml of 
10N H2SO4. This solution was filter sterilized via 0.2 m syringe filter (Pall Acrodisc). 
The basal salts solution consisted of 3.0 g (NH4)2SO4, 0.1 g KCl, 0.5 g K2HPO4, 0.5 g 
MgSO4.7H2O and 0.01 g Ca(NO3)2 in 700 ml DI water. This solution was sterilized by 
autoclaving at 121
o
C for 20 min. 
A. thiooxidans was cultivated in 2.0 g/l (NH4)2SO4, 0.5 g/l K2HPO4, and 0.25 g/l 
MgSO4.7H2O culture medium which was sterilized by autoclaving at 121
o
C for 20 min. 
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10 g/l of powdered sulfur was added as the energy source. The elemental sulfur was 
sterilized by intermittent steaming at 100
o
C for one hour on three successive days 
before being added into the medium. The medium was acidified by adding 1 ml of 
10N H2SO4. 
Both growth media were incubated at 30
o
C and 150 rpm on a thermostatic rotary 
agitator.  
3.2.2 Pre-culturing 
Growth of bacteria was monitored by cell count, change in pH of the growth medium, 
and change in concentration of bacterially-produced sulfuric acid.  
pH measurement: The pH was measured using Mettler Toledo 320 pH meter and 
Orion 9156BNWP pH electrode. Before measurement, 2-point calibration (pH 4 and 7, 
or pH 7 and 10) was conducted using standard pH buffer solutions (Merck).  
Sulfuric acid concentration: The sulfuric acid produced was analyzed using STAT 
Titrino auto-titrator using 0.1 M sodium hydroxide as the titrant. Before the analysis, 
the samples were centrifuged to remove bacteria and other precipitates.  
Cell count: Bacterial populations were determined using a hemacytometer under a 
Leica DML microscope attached to a monitor, with a magnification on the monitor of 
800x. 
Active cultures were maintained throughout the research. Late exponential growth 





3.3 Experimental set-up 
ED experiments were carried out in a polycarbonate cuboid cell divided into three 
compartments (Figure 3.3). Compartment II which contained the spent catalyst slurry 
at a typical solid concentration of 50 g/L was 4 cm long, 5 cm wide and 5 cm deep. 
The anolyte compartment (compartment I) and catholyte compartment (compartment 







Figure 3.3: Schematic drawing of a cell used for experimental electrodialytic treatment 
of spent catalyst. AEX = anion-exchange membrane, CEX = cation-exchange-
membrane. 
 
The slurry was kept in suspension by constant stirring with a magnetic stirrer. The 
anolyte (deionized water) was separated from the slurry by an anion-exchange 
membrane (Ionics AR204-SZRA); likewise, the catholyte (5% HNO3 to maintain a 
low pH) was separated from the slurry by a cation-exchange membrane (Ionics CR64-
LMR). Properties of the ion-exchange membranes are listed in Table 3.2. The anode 
used was a titanium plate (1 mm in thickness, 48 mm in width and 50 mm in height) 
while the cathode used was a graphite rod (9 mm in diameter and 60 mm in height). 
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The electrode materials chosen were inert to galvanic corrosion so as to avoid anodic 
dissolution. Electrical connections were fixed to a direct current regulated power pack 











Figure 3.4: Photograph of the direct current regulated power pack (Mastech 
HY3005M-2) used in experiments. 
 
Table 3.2 Main properties of ion-exchange membranes. 
Membrane Ionics AR204-SZRA Ionics CR64-LMR 
Type Anion permselective Cation permselective 
Ion-exchange group Quaternary ammonium Sulfonic acid 
Thickness (mm) 0.5 0.5 
Electric resistance (ohm/cm
2
) 7 11 
Ion Exchange Capacity (mol/g) 2.4 2.4 
Incompatibilities Oxidizing agents;  
strong bases 
Oxidizing agents;  
strong bases 




3.4 Experimental procedures 
3.4.1 Electrodialysis with citric acid 
Initially, 5 g of spent catalyst powder was placed in compartment II and 100 ml of 
assisting solution was added to it (L/S ratio = 20 ml/g). A voltage gradient of 0.8 V/cm 
was applied across the electrodes and the experiment was monitored over seven days. 
Samples of 0.1 ml were taken daily from the electrode compartments for measurement 
of metal (Al, Ni and Mo) concentrations. The pH of the substrate solution was also 
monitored daily. The spent catalyst state was varied between coked and decoked. The 
assisting solution was varied between deionized water and 0.1M citric acid. All 
experiments were conducted in duplicates. 
At the end of treatment, the catalyst was collected from the substrate compartment and 
dried at 60
o
C overnight in an oven. The collected dried catalyst was weighed. From 
this sub-sample, 1 g was acid digested and analyzed for the three metals by ICP-MS 
according to Section 3.1.3.1. TCLP test was conducted for another 1 g sub-sample. 
3.4.2 Electrodialysis with bioleaching 
3.4.2.1 2-step bioleaching (3 days after inoculation) 
After the A. thiooxidans cultures had reached exponential growth phase, filtration 
(Whatman No. 4 filter paper) was carried out to remove sulfur particles. 100 ml of 
bacterial suspension was added in compartment II as assisting agent and the rest of the 
procedure is the same as that of chemically-assisted ED extraction (Section 3.4.1). The 
risk of contamination during treatment by other microbial species is low due to the 




3.4.2.2 Spent medium leaching (7 days after inoculation) 
Spent cultures of A. thiooxidans were collected at the time of maximum sulfuric acid 
production. This was followed by filtration through (i) Whatman No. 4 filter paper to 
remove sulfur particles followed by (ii) Pall Acrodisc 0.2 m size syringe filters to 
remove bacterial cells. The sulfuric acid concentration was also determined. 100 ml of 
spent medium was added as assisting agent and the rest of the procedure is the same as 



















PHYSICAL AND CHEMICAL CHARACTERIZATION OF 
SPENT CATALYST 
4.1 Physical characterization  
4.1.1 Mean particle size  
The original size of the catalyst before grinding was 3 mm (see Section 3.1). Grinding 
reduced the particle size of the spent catalyst to smaller than 800 m as analyzed using 
the Coulter LS 230 particle size analyzer. The size distribution of the ground catalyst 
particles varied widely between samples, and no useful data except for the maximum 
particle size could be extracted, probably due to the nature of the grinding process. 
4.1.2 Specific surface area, total pore volume and average pore radius 
The results in Table 4.1 show that the specific surface area of decoked catalyst was 26% 
higher than that of coked catalyst. An increase in specific surface area of the catalysts 
after decoking was also reported by Bogdanor and Rase (1986). This increase could be 
due to the removal of coke deposit on the surface and within the pore of the catalyst 
during the decoking process, which was confirmed by the increase of pore radius 
(+22%) and volume (+54%) after decoking. Similar increases in pore radius and 
volume after decoking were reported by Islam (2008). However, this physical 
restoring process does not necessarily allow the catalyst to fully regain its catalytic 
activity as it may have been deactivated by other causes such as metal poisoning.   
Table 4.1 Specific surface area, total pore volume and average pore radius. 
Catalyst 








Average pore radius 
(Å) 
Coked   99.995   0.488 0.20805   0.00021 41.635   0.134 
Decoked 126.000  0.566 0.32085  0.00276 50.935   0.205 
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4.1.3 Morphology  
The ground spent catalysts, both coked and decoked, exhibited a wide range of size 
distribution as observed in Figure 4.1. This corroborates the results obtained in Section 
4.1.1. The particles were irregularly shaped with rough edges. There were no obvious 








Figure 4.1: SEM images of ground spent catalyst (a) coked; (b) decoked states 
(magnification x100). 
 
4.1.4 Crystal structure 
The XRD spectra of coked and decoked spent catalysts at 2 from 20o to 80o are 
shown in Fig. 4.2 and Fig. 4.3 respectively. The observations which were common for 




. These lines were also 
reported by
 
Furimsky (1991) in an XRD characterization of industrial hydroprocessing 
catalysts and by Kim et al. (2009) for spent Co-Mo/Al2O3 catalyst. 
Signals of Ni compounds could not be identified. This could be due to any of the 
following three reasons: (i) Ni compounds were present in an amorphous form; (ii) 























































































































































































































































































Figure 4.3: XRD spectrum at 2 from 20o to 80o for decoked spent catalyst. 
 
Lines at 2 of about 34o and 59o in coked catalyst, which are attributed to the presence 
of MoS2, disappeared after the decoking process. Iranmahboob et al. (2001) also 
reported these lines for MoS2 catalysts. Decoking was accompanied by the appearance 
of two new lines at 2 of about 27o and 37o in the decoked catalysts, which are 

































process was shown to oxidize MoS2 to MoO3 with MoO2 formed as an intermediate 
species (Furimsky, 1991).  
 
4.2 Chemical characterization  
4.2.1 Elemental composition 
Elemental compositions of coked and decoked catalysts are presented in Table 4.2. 
The main metallic constituents are aluminum, nickel and molybdenum. It was 
observed that acid digestion of the coked catalyst was satisfactory in digesting the 
metals present since the weight percentages obtained for these metals were generally 
in good agreement with values reported in literature (Scherzer and Gruia, 1996). Islam 
and Ting (2009) also obtained very similar results for Al, Ni and Mo compositions in 
unground decoked KF840 catalysts.  
Not unexpectedly, decoked catalysts contained negligible levels of carbon and sulfur 
as compared to the considerable amounts observed in coked catalysts. In coked 
catalysts, the presence of C is due to the deposition of coke during catalytic operation 
and the presence of S is due to presulfiding of the catalyst before operation and 
deposition from crude oil during operation. The removal of C and S from coked 
catalyst also caused each metal to show an increase in wt.% value.  
In addition, semi-quantitative SEM-EDX results showed that even though both 
catalysts contained oxygen in large amounts, the wt.% value for O in decoked catalysts 
was still much greater (by about 65 wt.%). This could be due to Ni and Mo being 
oxidized to metal oxides from metal sulfides. 
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Table 4.2 Elemental composition of coked and decoked spent catalysts. 
Element 
Elemental composition of catalyst (weight %) 




 30.85   1.61 36.17   0.99 33.1 
Ni
(a)
 2.533   0.151 2.815   0.120 2.60 
Mo
(a)
 10.29   0.80 12.40   0.71 12.3 
Fe
(a)
 0.2785   0.0552 0.3255   0.0619 0.12 
Cu
(a)
 Not detected Not detected Not stated 
O
(b)
 28.53   1.60 47.06   4.74 Not stated 
C
(c)
 9.195   0.017 0.195   0.042 Not stated 
S
(c)
 6.597   0.363 0.270   0.045 Not stated 
(a) Analyzed using ICP-MS  
(b) Analyzed using SEM-EDX 
(c) Analyzed using CHNS analyzer 
(d) Scherzer and Gruia, 1996  
 
4.2.2 Chemical state of elements 
The XPS spectra of Al 2p and O 1s energy regions for the catalysts are shown in 
Figure 4.4. The same peaks were observed for both coked and decoked catalysts in 
these two regions. In the Al 2p region, the peak at ~74.5 eV is attributed to the 
presence of Al2O3; in the O 1s region, the peak at ~531 eV is also attributed to Al2O3.  























































































































































































































































Figure 4.4: XPS spectra for (1) coked and (2) decoked catalysts in (a) Al 2p energy 
region; (b) O 1s energy region. 
The XPS spectra of Mo 3d energy region for both catalysts are shown in Figure 4.5. 
The first observed peak for coked catalyst at ~229.5 eV is attributed to Mo
4+
 
(MoS2/MoO2) (Bogdanor and Rase, 1986). The second peak at ~233 eV is attributed to 
Mo
6+
 in MoO3. On the other hand, the first peak for decoked catalyst was at ~233 eV 
(MoO3) - this peak also had a larger relative area than the corresponding one for coked 
catalyst. The second peak for decoked catalyst at ~236.5 eV is also attributed to MoO3 
(Choi and Thompson, 1996). Hence, the XPS data showed that Mo initially present in 




 was converted to Mo
6+

















































































































































































Binding energy (eV) 
The XPS spectrum of S 2p energy region for coked catalyst is shown in Figure 4.6. 
The peak at ~162 eV is attributed to sulfur existing as sulfides (NiS/MoS2) while the 
second peak at ~169 eV is attributed to sulfates, the sulfur associated with non-active 
sites (Bogdanor and Rase, 1986). However, no S 2p signal was detected for decoked 
catalyst which showed that the sulfur on the coked catalyst particle surface was 
removed by the decoking process. This corroborates the results presented in Table 4.2 
which show that the mass of S in the decoked catalyst was significantly removed 






Figure 4.6: XPS spectrum for coked catalyst in S 2p energy region. 
 
After comparison of the characterization results, the main compounds of Al, Ni and 
Mo in the different spent catalyst states are presented in Table 4.3. Since the key to 
successful heavy metal removal in an applied electric field is to dissolve the heavy 
metals prior to or during the action, it is useful to understand that the dissolution of 
sulfides and oxides requires oxidants and acids respectively. Besides the major 
compounds presented in Table 4.3, Al, Ni and Mo may exist in negligible amounts as 
other forms. However, these minor compounds are not expected to have a significant 





Table 4.3 Main compounds of Al, Ni and Mo in coked and decoked catalysts. 
Element Coked Decoked 
Al Al2O3 Al2O3 
Ni NiS NiO 
Mo MoS2 MoO3 
 
4.3 Toxicity characteristic leaching procedure test results 
The TCLP test results of the coked and decoked spent catalysts are presented in Table 
4.4, and compared against the regulated levels set by the US EPA, Victoria (Australia) 
EPA, and local NEA. Among the elements of Ni-Mo catalyst, only Ni, Fe and Cu are 
regulated by the local authorities. The US EPA has set treatment standards for spent 
refinery catalysts for Ni with a TCLP capped at 11 mg/L, but has not set a standard for 
Mo. In our study, a regulatory level of 20 mg/L for Mo based on the Victoria 
(Australia) EPA’s Industrial Waste Resource Guidelines will be used.  
Table 4.4 TCLP test results for coked and decoked spent catalysts. 
Element 







Al 76.46   0.61 116.4   2.0 Not stated Not stated Not stated 
Ni 519.7   17.9 291.3   9.8 5 11 8 
Mo 218.0   19.8 2765   46 Not stated Not stated 20 
Fe 28.77   0.88 8.59   2.25 100 Not stated Not stated 
Cu Not detected Not detected 100 Not stated 800 
pH 4.44; 4.49 4.72; 4.78 Not stated Not stated Not stated 
(a) Recommended acceptance criteria for suitability of industrial waste for landfill 
disposal set by the National Environmental Agency. 
(b) “Treatment standards for hazardous waste” for spent hydrorefining catalyst. U.S. 
Code of Federal Regulations, Title 40, Chapter 1, Part 261, Subpart D. 
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(c) Industrial Waste Resource Guidelines. Environmental Protection Agency of 
Victoria, Australia. 
 
The results show that Ni and Mo concentrations in the leachate from both coked and 
decoked catalysts exceeded the set regulatory levels. Ting and Aung (2008) also 
reported that Ni concentration in the leachate from coked catalyst greatly exceeded the 
US EPA regulated level. The high Ni concentration may be the reason why spent 
hydroprocessing catalysts are classified as hazardous waste by the US EPA. 
During the TCLP tests, two interesting phenomena were observed, namely, the much 
higher Mo concentration and the lower Ni concentration in the leachate for the 
decoked compared to the coked catalysts.  
There are two possible reasons to explain the much higher concentration of Mo 
observed in leachate from decoked catalysts. (i) In the coked spent catalysts the metal 
sulfide deposits are held within a porous carbon matrix. Mass transfer is expected to be 
important in the leaching process so the coke layer is known to slow down the 
leaching process (Marafi et al., 1989). Decoking removes most of the carbon matrix, 
leading to more efficient leaching of Mo from the decoked catalysts. (ii) The ease of 
formation of the metal ion and dissolution of the product with acid (i.e., solubility of 
the metal complex) depend to a large extent on the oxidation state of the metal in the 
spent catalyst. After decoking, the higher oxidation state of +6 for Mo as compared to 
+4 in coked (see Table 4.3) may be more easily attacked by the acid reagent to form a 
more soluble metal complex (Marafi et al., 1993; Stanislaus et al., 1993). 
To explain the lower concentration of Ni observed in leachate from the decoked 
catalysts, NiS in coked catalysts (see Table 4.3) may have been oxidized by acetic 
acid from the TCLP extraction fluid to produce NiSO4, which is soluble in water 
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(Patnaik, 2002), and to allow greater solubility (Marafi et al., 1989). NiO in decoked 
catalysts (see Table 4.3), on the other hand, would only dissolve by protonic attack 
and so was limited by the rate of acetic acid dissolution which was low. Since NiO is 
soluble in acids but insoluble in water (Patnaik, 2002), Ni in coked catalysts was 
more easily leached out. 
Other observations from the TCLP test include the higher Al concentration and the 
lower Fe concentration in the leachate for the decoked compared to the coked 
catalysts. The higher Al concentration in leachate from decoked catalysts can be 
explained by the removal of the coke layer, which is known to slow down the 
leaching process (similar to the effect on Mo discussed earlier). On the other hand, 
the lower Fe concentration in leachate from decoked catalysts cannot be explained 
easily – but it is worth noting that the iron deposits on the catalysts from corrosion 
were not in sufficient quantities to cause the leachate Fe concentration to exceed the 
set regulatory limits. Lastly, Cu was not detected in the leachate from both coked and 
decoked catalysts, even though it is regulated (see Table 4.4).  
4.4 Conclusion 
A physical and chemical characterization of Ketjenfine KF840 catalyst in both its 
coked and decoked states was carried out. The study of catalyst crystal structure and 
the chemical states of the main elements revealed the presence of Al2O3, NiS and 
MoS2; as well as Al2O3, NiO and MoO3, as the main metallic compounds in coked and 
decoked catalysts respectively. The TCLP test results of coked and decoked catalysts 
also showed that Ni and Mo concentrations in the leachate exceeded the set regulatory 
levels, which may be a possible reason for the classification of spent catalysts as 




ELECTRODIALYSIS WITH CITRIC ACID  
5.1 Introduction 
Electrodialysis (ED) was carried out using either deionized water or 0.1M citric acid 
as assisting solutions as described in Section 3.4.1. Four set-ups were tested – coked 
catalysts in DI water, coked catalysts in 0.1M citric acid, decoked catalysts in DI 
water, and decoked catalysts in 0.1M citric acid. Mobilization of heavy metal 
contaminants into the solution phase may be obtained through either dissolution or 
complexation, and ED was used for the simultaneous removal of these contaminants. 
The kinetics of metal transport to the electrodes, the total amount of metal solubilized, 
as well as the TCLP test results of treated catalysts were examined for both coked 
and decoked spent catalysts. The objective of this study was to ascertain the 
effectiveness of citric acid as an assisting solution in enhancing the electrodialytic 
extraction of heavy metals from hydroprocessing catalysts.  
The pH values of the catholyte and anolyte in experiments conducted with water for 
both coked and decoked catalysts were observed to be always less than 2 after Day 1 
(Figure 5.1). Under such acidic conditions, most metals transported to the electrode 
compartments were unlikely to precipitate (Pourbaix, 1966). Accordingly, there were 
no metal deposits observed in the electrode compartments or on the electrode 
surfaces. As ED progressed, pH of the catholyte increased due to production of OH
-
 
ions at the cathode from electrolysis. Similarly, pH of the anolyte decreased with 
time due to production of H
+
 ions at the anode. The pH profiles of ED experiments 





























Figure 5.1: pH profiles of catholyte and anolyte in ED experiments conducted with 
water. 
 
5.2 Metal recovery 
5.2.1 Nickel 
Over the period of ED, negligible Ni was detected in the anolyte in all the 
experimental runs. Meanwhile, the concentration of Ni in the catholyte (measured as 
removal efficiency, Ni; RENi) increased generally with time and reached a maximum 
at Day 6 in three out of four set-ups investigated (Figure 5.2). These were coked 
catalysts in water, decoked catalysts in water, and decoked catalysts in citric acid. 
The asymptotic behavior of RENi was due to membrane fouling - as ED progressed, 
hydroxides precipitated on the surface of the cation exchange membrane, causing an 
increase in the electrical resistance of the electrodialytic cell until ions could not be 
transported efficiently by the DC field (Sadrzadeh et al., 2007). The transport of Ni 
solely to the catholyte and none to the anolyte was also consistent with the findings 
of Jensen (2005), who performed ED on Ni-contaminated soils for ten days. It can be 
 




























Coked/Water Coked/Citric acid Decoked/Water Decoked/Citric acid
concluded that the speciation of Ni was predominantly cationic under the 
experimental conditions as Ni was not detected at the anolyte. 
Except for decoked catalysts in water, the three remaining set-ups achieved more 
than 50% RENi at the end of seven days. These results are comparable to those 
obtained by Jensen (2005) (52%) and Lai et al. (2008) (60%). (In the latter study, 
decoked spent hydrodesulfurization catalyst was leached using a mixture of 
concentrated acid solutions (HNO3/H2SO4/HCl) before electrolysis for four hours.) 
The differences among the three best set-ups in this study were small (<3%) and 
considered to be negligible, since the absolute amount of Ni originally present in the 
catalysts is so little that even a small variation in the actual concentrations could 







Figure 5.2: Ni extraction to cathode from coked and decoked catalysts in different 
assisting solutions. 
Not all of the solubilized Ni could be transported to the catholyte – some remained in 
the substrate solution trapped between the anion-exchange and cation-exchange 
membranes. At the end of the treatment (i.e., on the 7
th
 day), the amount of Ni 
trapped in the substrate solution was measured and added to the amount of Ni 
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transported to the catholyte. Therefore, in terms of total solubilization, coked 
catalysts in citric acid leached the most (85.7%) whereas decoked catalysts in water 







Figure 5.3: Total Ni leached from coked and decoked catalysts in different assisting 
solutions. 
The total amount of Ni leached and RENi between this study and the study by Lai et 
al. (2008) are compared. The much higher Ni leaching in the latter (99% vs. 77.5% in 
this study using decoked catalysts in citric acid) was expected since a mixture of 
concentrated acid solutions was used to extract the metals instead of dilute citric acid. 
However, for the transport of leached Ni to the electrode compartments, ED (72%) 
fared better than electrolysis with a fluidized-bed electrolytic cell (61%). Hence, ED 
may be a promising technology in concentrating metals at the electrode compartment 
for downstream processing after acid leaching. 
5.2.1.1 Nickel extraction difference between assisting solutions 
As observed in Figure 5.3, Ni was leached more effectively by citric acid compared 
to water for both coked (+7.6%) and decoked (+11.7%) catalysts. Higher Ni leaching 
efficiency of citric acid over water from spent hydroprocessing catalysts was also 
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reported by Marafi and Stanislaus (2008b). This could be due to two factors: (i) a 
weak acidification of the environment by citric acid facilitates dissolution and 
mobility of Ni; and/or (ii) the citrate ion forms a soluble complex with Ni. However, 
the stability constant of Ni-citrate is low (Table 5.1); furthermore, no Ni was detected 
at the anolyte when it is known that Ni-citrate is anionic (Green et al., 2001). Hence, 
Ni-citrate complexation was not significant. 
Table 5.1 Stability constants of nickel complexes. 




     NiOH
+
 4.1 
     Ni(OH)2 8 
     Ni(OH)3
-
 11 
     Ni4(OH)4
4+ 
28.3 
Citrate, L  





     H2L
-
 4.35 
     HL
2-
 5.80 
     NiL
-
 5.56 
Source: Martell and Smith (1989). 
A more acidic environment would have a lower pH. Adding citric acid resulted in a 
lower pH than adding water in the substrate compartment for both coked and decoked 
catalysts (Figure 5.4). For coked catalysts, where Ni exists mainly as NiS (see Table 
4.3), citric acid leached more Ni than water since NiS is soluble in acids but insoluble 
in water (Patnaik, 2002). For decoked catalysts, where Ni exists mainly as NiO (see 



















Coked/Water Coked/Citric acid Decoked/Water Decoked/Citric acid
decreasing pH (Tremaine and LeBlanc, 1980). NiO is also soluble in acids but 







Figure 5.4: pH of the substrate solution during ED. 
5.2.1.2 Nickel extraction difference between catalyst states 
It was observed that more Ni was leached from coked than decoked catalysts. This 
phenomenon was also observed in Islam and Ting (2009), who performed 
bioleaching using Aspergillus niger on the same KF840 catalyst and concluded that it 
was due to migration of Ni towards the unground catalyst pellet center during 
decoking. However, the migration of Ni (if any) is unlikely to have a significant 
effect in this study, since the catalysts were ground into fine particles (<800 m) 
before treatment.  
5.2.2 Aluminum 
No Al was detected in the anolyte for all set-ups. In the catholyte, recovery for Al 
was poor (<20%) while increasing slowly over time (Figure 5.5). Among the four set-
ups, decoked catalysts in citric acid leached out the most Al (36.7%) (Figure 5.6).  
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Figure 5.6: Total Al leached from coked and decoked catalysts in different assisting 
solutions. 
5.2.2.1 Aluminum extraction difference between assisting solutions 
For both catalysts, the total Al leaching efficiency with citric acid as the assisting 
solution was higher than with water (coked catalysts: +2.5%; decoked catalysts: 
+8.1%). This could be due to the amphoteric behavior of Al2O3 in both catalysts (see 
Table 4.3), which can react with acids to produce the corresponding salts (Patnaik, 
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2002). However, the low Al leaching efficiencies in all four set-ups indicate that 
neither water nor citric acid could effectively solubilize the Al2O3 carrier. 
5.2.2.2 Aluminum extraction difference between catalyst states 
Although Al was present in both coked and decoked catalysts as Al2O3, the presence 
of a carbon layer in coked catalysts is known to slow down the metal leaching 
process (Marafi et al., 1989). This is evidenced by the higher extraction of Al from 
decoked (36.7%) than from coked (32.5%) catalysts in citric acid (Figure 5.6). Islam 
and Ting (2009) also obtained higher extractions of Al from decoked than from 
coked catalysts using fungal bioleaching by A. niger.  
5.2.3 Molybdenum 
Negligible Mo was detected in the anolyte and catholyte for all set-ups. Mo is known 
to transfer poorly through the ion-exchange membranes in ED. In a study by Xu et al. 
(2008), ED was performed on aqueous solutions containing phosphoric acid, Al and 
Mo ions, and the resultant REMo was also poor (though not negligible). The reason for 
this phenomenon may be due to the permselectivity of an ion-exchange membrane for 
different counterions, which is the product of ion-exchange selectivity and mobility 
selectivity. The mobility selectivity is determined mainly by the size of the ion or ion-
complex and the cross-linking density of the membrane. Hence, the permeability of 
larger ions may be significantly reduced by a “sieving action” due to the cross-
linkages of the membrane (Tanaka, 2007). Another reason for the poor REMo may be 
the occurrence of neutral Mo-complexes under the experimental conditions (Jensen et 
al., 2007c).  
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For coked catalysts, Mo exists mainly as MoS2 whereas for decoked catalysts, Mo 
exists mainly as MoO3 (see Table 4.3). As Figure 5.7 shows, the solubilization of Mo 
into the substrate solution was highest for decoked catalysts in citric acid (51.7%). 
This could be due to the ability of the citrate ion to form soluble complexes with 







Figure 5.7: Total Mo leached from coked and decoked catalysts in different assisting 
solutions. 
5.2.3.1 Molybdenum extraction difference between solutions 
Mo was leached more effectively by citric acid compared to water for both coked 
(+14.3%) and decoked (+18.3%) catalysts. The higher Mo leaching efficiency by citric 
acid than water from spent hydroprocessing catalysts was also reported by Marafi and 
Stanislaus (2008b). In decoked catalysts, Mo exists in the form of MoO3, which is 
soluble in acids but is only sparingly soluble in water at room temperature (Patnaik, 
2002). Mo (VI) also forms soluble complexes with citric acid (as discussed above). 
MoS2 in coked catalysts, on the other hand, is insoluble in both dilute acids and water 
(Perry and Philips, 1995); it is also not known whether Mo (IV) is able to form soluble 
complexes with citric acid. However, Schippers and Sand (1999) stated that MoS2 can 
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be attacked by oxidizers. Hence, citric acid is able to leach more Mo from coked 
catalysts than water because citric acid can act as a weak oxidizing agent to solubilize 
Mo from MoS2.  
5.2.3.2 Molybdenum extraction difference between catalyst states 
In a given assisting solution, the leaching of Mo was higher from decoked than from 
coked catalysts (This phenomenon is in direct contrast with Ni leaching.). Islam and 
Ting (2009) had earlier reported the same phenomenon, and attributed the higher Mo 
leaching with decoked catalysts solely to increased ease of attack by leaching agents 
on catalysts due to the removal of carbon deposits. Another possible reason is the 
solubility of different Mo compounds in water. It is known that MoS2 is insoluble in 
both water and dilute acids whereas MoO3 is sparingly soluble. Mishra et al. (2009) 
also attributed the low leaching rate of Mo in coked spent petroleum catalysts to these 
two factors.  
 
5.3 Mass balance 
Mass balances for the leached metals, i.e., Ni, Al and Mo, were found to be between 
82 and 113% (Figure 5.8). The three components of the mass balance are (i) mass of 
metal leached and transported to the catholyte, (ii) mass of metal leached and trapped 
in the substrate solution, and (iii) mass of metal which was not leached and which was 
recovered at the end of ED by acid digestion of the treated catalyst. In fact, the desired 
effect is to have as much of the metal leached and transported to the catholyte (i.e., 
















































































Among these three metals, the transport of Ni to the catholyte was the most 
satisfactory (between 40% and 56%). In particular, for coked catalysts, the small 
quantities of Ni recovered at the end of ED by acid digestion (<10%) (Figure 5.8(a)) 
showed that most of the Ni was leached by ED. This supports the hypothesis put forth 
in Section 5.2.1 that ED may be a promising technology in leaching and transporting 
Ni from spent hydroprocessing catalysts. 
The mass balances for Al were the most satisfactory (i.e., close to 100%) (Figure 
5.8(b)). However, in all four set-ups, the transport of Al to the catholyte was not more 
than 15%. Furthermore, most of the Al could not be leached into solution by ED – this 
was corroborated by the observation that acid digestion recovered large quantities of 
Al (between 62% and 83%) from the treated catalysts. 
Lastly, although the low mass balances for Mo meant that data interpretation should be 
made with caution (Figure 5.8(c)), the results of the experiments were still significant 
enough to conclude that almost all leached Mo remained in the substrate solution and 
that most of the Mo could not be leached into solution when water was used as the 
assisting solution. 
 
5.4 TCLP test results 
The TCLP test results of the catalysts after ED are shown in Figures 5.9(a) and 5.9(b) 
for Ni and Mo respectively. The metal concentrations in the TCLP leachate before ED 


































































































Figure 5.9: Overall TCLP test results for coked and decoked catalysts, before and after 
ED for (a) Ni; (b) Mo. 
It is shown that even after ED none of the catalysts satisfied the TCLP environmental 
regulations. Nevertheless, ED was shown to be effective in the reducing heavy metal 
contents in the TCLP leachate. Citric acid reduced the Ni concentration in TCLP 
leachate of coked catalysts from 519.7 mg/L to 107.8 mg/L (i.e., by 79.3%), while 
water reduced the Ni concentration from 519.7 mg/L to 123.6 mg/L (i.e., by 76.2%). 
For decoked catalysts, the corresponding reductions were 77.7% and 55.9%. Similarly, 
for Mo concentration in TCLP leachate of decoked catalysts, citric acid reduced the 






concentration in TCLP leachate from coked catalysts. Results showed unexpected 
large increases in Mo concentration after ED (+456% with citric acid and +199% with 
water), and these increases cannot be explained easily. 
In comparison with another study, Islam (2008) showed reduced Ni concentration in 
TCLP leachate from both coked and decoked states of the same KF840 catalyst to 
below the set regulatory limits by fungal bioleaching using A. niger. However, the 
mentioned study did not determine the Mo concentration in TCLP leachate after 
bioleaching.  
 
5.5 Conclusion for citric acid ED 
The enhanced leaching of heavy metals by citric acid over water in ED has been 
demonstrated. This effect was more marked in decoked than in coked catalysts. The 
slight increases in leaching of Al (+8.1%) and Ni (+11.7%) by citric acid can be 
attributed to enhanced acidolysis. Leaching of Mo by citric acid showed better 
enhancement (+18.3%) probably due to complexolysis (Hamada et al., 2008).  
In terms of treating spent catalysts for safe disposal (Section 5.4), citric acid reduced 
the Ni concentration in TCLP leachate of the catalysts more significantly than water 
when used in ED. However, citric acid was less useful than water in reducing the Mo 
concentration in TCLP leachate. Since Ni in TCLP leachate is regulated by more 
relevant authorities than Mo (see Table 4.4), the advantage of citric acid over water in 
reducing the Ni concentration is considered to be more critical that its disadvantage in 





ELECTRODIALYSIS WITH BIOLEACHING 
6.1 Introduction 
Electrodialysis was carried out using two different assisting agents as described in 
Section 3.4.2: (i) A. thiooxidans culture with bacterial cells and metabolites after 
three days of bacterial growth (two-step medium), and (ii) A. thiooxidans culture with 
the bacterial cells removed after seven days of bacterial growth (spent medium). Four 
set-ups were tested – coked catalysts in spent medium (SMC), coked catalysts in two-
step medium (2SC), decoked catalysts in spent medium (SMDC), and decoked 
catalysts in two-step medium (2SDC). ED was employed for simultaneous 
contaminant removal while both bioleaching agents focused on mobilization of heavy 
metals into the solution phase with removal as the final target. The kinetics of metal 
transport to the electrodes, the total amount of metal solubilized, as well as the TCLP 
results of treated catalyst were examined for both coked and decoked spent catalysts. 
The objectives of this study were to ascertain the effectiveness of bioleaching in 
enhancing electrodialytic extraction of heavy metals from the catalysts; as well as to 
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6.2 Metal recovery 
6.2.1 Nickel 
Over the ED duration, negligible Ni was detected in the anolyte for all four set-ups. 
Meanwhile, the catholyte RENi increased with time (Figure 6.1). The transport of Ni 
solely to the catholyte and none to the anolyte meant that the speciation of solubilized 
Ni was predominantly cationic under the experimental conditions. At the end of 







Figure 6.1: Ni extraction to cathode from coked and decoked catalysts in different 
solutions. 
 
After adding in the amount of Ni trapped in the substrate solution at the end of 
treatment, Figure 6.2 shows that coked catalysts in spent medium leached out the 
most Ni (88.0%) whereas decoked catalysts in 2-step medium leached the least 
(58.0%). Mishra et al. (2007) reported similar Ni recoveries (88.3%) in the 
bioleaching of spent refinery catalysts with A. thiooxidans spent medium at the same 
catalyst concentration of 50 g/L. 
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Figure 6.2: Total Ni leached from coked and decoked catalysts in different solutions. 
As observed, Ni was leached more effectively by spent media compared to two-step 
media for both coked and decoked catalysts. These results were in contrast to the 
findings of Mishra et al. (2008), who used A. thiooxidans in the bioleaching of spent 
hydroprocessing catalysts over seven days, and found that the metal extraction of 
medium having only bacterially produced metabolites present (cells filtered) was the 
same as that of medium with both cells and metabolites present. The reason for the 
difference between the two studies could be due to the sulfuric acid concentration in 
the media. In our study, spent media had higher sulfuric acid concentrations than 
two-step media (Figure 6.3) whereas Mishra et al. (2008) used media which were of 
the same age (12 days) and same sulfuric acid concentration (200 mM). Hence, 
filtration to remove cells would only serve to determine effect of the presence of cells 
on the bioleaching of the catalysts. Mishra et al. (2008) concluded that A. thiooxidans 
cells played no major role in the metal leaching and that the main agent for metal 
solubilization was the H
+












































Figure 6.3: Sulfuric acid concentration in different media. 
Since the concentration of sulfuric acid in the spent medium was higher than in the 
two-step medium, the former leached more Ni as NiS in coked catalysts (see Table 
4.3) is soluble in acids. For decoked catalysts, spent medium leached more Ni for the 
same reason with NiO. In another bioleaching study with sulfur oxidizing acidophilic 
microorganisms, Mishra et al. (2009) also recorded an increase in leaching rate of Ni 
due to increase of metabolites (H2SO4) produced. It is also noteworthy that sulfuric 
acid was selected as the cheapest and the most effective acid in leaching Ni from 
spent catalysts (Al-Mansi and Monem, 2002). 
6.2.2 Aluminum 
No Al was detected in the anolyte for all four set-ups. In the catholyte, recovery for 
Al was poor (<16%) while increasing slowly over time (Figure 6.4). Among the four 
set-ups, coked catalysts in spent medium leached the most Al (48.7%) in total (Figure 
6.5).  For both catalysts, the total leaching efficiency of Al in spent medium was 
higher than in two-step medium. This was due to amphoteric Al2O3 (see Table 4.3) 
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sulfuric acid concentration of spent medium. This is because in acidolysis, the 
leaching efficiency is determined by the amount of protons, which is a function of the 
acid concentration, amongst other factors (Burgstaller et al., 1992). Angelidis et al. 
(1995) also reported higher dissolution of Al and Ni from spent Ni-Mo catalyst with 















































Negligible Mo was detected in both the anolyte and catholyte for all four set-ups. 
Figure 6.6 shows that the solubilization of Mo in the substrate was the highest for 
decoked catalysts in spent medium (52.8%). Mo was leached more effectively by 
spent media compared to two-step media because MoO3 in decoked catalysts (see 
Table 4.3) behaves as a basic oxide in reactions with strong acids. MoO3 forms an 
oxysulfate, MoO2SO4, with sulfuric acid (Patnaik, 2002). For coked catalysts, MoS2 is 







Figure 6.6: Total Mo leached from coked and decoked catalysts in different solutions. 
6.2.4 Pure sulfuric acid leaching 
The results of spent medium leaching were compared against the results of pure 
sulfuric acid leaching at equal H2SO4 concentrations (139mM) as shown in Table 6.1. 
The results show that for both coked and decoked catalysts, spent medium leaching 
achieved lower total leaching of Ni, but higher total leaching of Al and Mo. An 
enhanced leaching effect of sulfuric acid due to the presence of other biological agents 
is not evident. 
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Table 6.1 Total leaching of Al, Ni and Mo in coked and decoked catalysts. 
Element 
Coked Decoked 
Spent medium Pure H2SO4 Spent medium Pure H2SO4 
Al 48.7% 44.8% 37.1% 53.7% 
Ni 88.0% 92.4% 82.1% 87.3% 
Mo 42.9% 35.2% 52.8% 47.0% 
6.3 Mass balance 
Mass balances for Ni, Al and Mo were found to be between 67 and 110% (Figure 6.7). 
Among these three metals, the transport of Ni to the catholyte was the most 
satisfactory (between 27% and 55%). In particular, for coked catalysts, the small 
quantities of Ni recovered at the end of electro-bioleaching by acid digestion (<15%) 
(Figure 6.7(a)) showed that most of the Ni was leached into solution. This supports the 
hypothesis put forth in Section 5.2.1 that ED may be a promising technology in 
leaching and transporting Ni from spent hydroprocessing catalysts. 
In all four set-ups, the transport of Al to the catholyte was less than 15% (Figure 
6.7(b)). Furthermore, most of the Al could not be leached by electro-bioleaching; acid 
digestion recovered large quantities of the residual Al (between 60% and 78%) from 
the treated catalysts. 
Lastly, relatively poor mass balances for Mo (Figure 6.7(c)) necessitated an additional 
experimental step to attempt to recover the mass of Mo unaccounted for. The ion-
exchange membranes were digested with 1:1 HNO3 for 24 hours at the end of the 
experiment and the resultant digestate analyzed by ICP-MS. An average of 18% Mo 

























































































































After electro-bioleaching with spent medium
After electro-bioleaching with two-step medium
6.4 TCLP results 
The TCLP test results of the catalysts before and after electro-bioleaching are shown 
in Figures 6.8(a) and 6.8(b) for Ni and Mo respectively. Even after electro-bioleaching, 
none of the catalysts met the TCLP environmental regulations. This was in contrast to 
the findings of Ting and Aung (2008), who reported reducing Ni concentration in 
spent hydroprocessing catalysts TCLP leachate to below the regulatory limits with 
bioleaching by A. thiooxidans. This could be mainly due to the longer bioleaching 
duration in Ting and Aung (2008) of 50 days, as compared to seven days in our study. 
Electro-bioleaching was shown to be effective in reducing the heavy metal contents in 

























































After electro-bioleaching with spent medium







Figure 6.8: Overall TCLP test results for coked and decoked catalysts, before and after 
electro-bioleaching for (a) Ni; (b) Mo. 
 
6.5 Conclusion for bioleaching ED 
Spent medium was significantly better than two-step medium in the leaching of Al, Ni 
and Mo in ED. The low effectiveness of two-step medium in enhancing ED was 
probably due to the low concentrations of sulfuric acid present for treatment. It was 
initially envisaged that A. thiooxidans cells could bioleach metal sulfides in the 
catalysts to produce sulfuric acid (Schippers and Sand, 1999). However, the high metal 
concentrations in the leaching environment due to high catalyst loading in this study 
(50 g/L) were probably toxic to and inhibited the growth of the bacteria so that no 
further sulfuric acid was produced (Bosecker, 1987). Spent medium, on the other hand, 
was collected at the end of the exponential growth phase of the bacteria, when the 
highest concentrations of metabolites and sulfuric acid would have been produced in 
the shortest time. In terms of reducing Ni and Mo concentrations in TCLP leachate 






The extra time it took to prepare spent medium as opposed to two-step medium (seven 
days vs. three days) was its only disadvantage but it can be easily negated in further 
large-scale studies by proper logistical planning. Otherwise, it also offers the following 
advantages over two-step medium: (i) easy recycling of metal-containing aqueous 
wastes which do not contain biomass; (ii) an optimized acid concentration can be 
achieved in the absence of contact between toxic catalyst metals and the bacteria; (iii) 
even higher catalyst concentrations can be tested without concern about the metal 
resistance of the bacteria; and (iv) ED operating temperatures can be increased to 
achieve possibly higher chemical reaction rates without concern about the high 
temperature effects on the bacteria (Brandl, 2001). 
The results of this study were compared with the study by Mishra et al. (2008), and Ni 
leaching was observed to be comparable at about 80+% in both cases, even though the 
former showed a lower concentration of sulfuric acid achieved (139mM of sulfuric 
acid in spent media as compared to 200mM pure sulfuric acid in Mishra et al. (2008)). 
This suggests the possibility of a biological agent that may have enhanced the 
effectiveness of sulfuric acid in bioleaching. 
6.6 Comparison among four tested assisting agents  
6.6.1 Coked catalysts 
The leached fractions of Al, Ni and Mo in the four experiments (coked catalysts in 
water, 0.1M citric acid, A. thiooxidans spent medium, and A. thiooxidans two-step 
medium) are shown in Figure 6.9. From coked catalysts, A. thiooxidans spent medium 
leached the greatest sum of all three metals. This was caused by a particularly good Al 





























was only slightly better than that of water. Possible explanations for this had already 
been previously discussed (Section 6.5).  
It was surprising that a large fraction of Ni was recovered in ED using water. A 
probable explanation for the high Ni leaching is that the pH of the catalyst slurry was 
lowered during ED by the continuous diffusion of H
+
 ions through the cation-
exchange membrane from the cathode compartment into the substrate compartment. 
Final pH in the catalyst slurry was found to be 1.27, which was low enough for NiS to 
dissolve. Another reason for the enhanced Ni dissolution in ED was alterations of 
chemical equilibriums in the catalyst slurry compared to traditional leaching or batch 
extraction processes. When an electric current is applied, dissolved ions are removed 
continuously from the catalyst slurry and this would prevent solubility-controlled 







Figure 6.9: Metals leached from coked catalysts in ED with different solutions added. 
On comparing the amount of Al and Ni transported to the catholyte, it was observed 
that two-step medium fared the worst among the four assisting agents (Figure 6.10). 
Application of microbial products should result in the formation of small, charged, 































Water Citric SMC 2SC
(Jensen, 2005). However, the presence of bacterial cells could have led to the fouling 
of membrane surface and hindered transport of the metal ions. In fact, it is known that 
DC fields will usually cause microbes to move towards the anode by electrophoresis as 
microbes are usually negatively charged (DeFlaun and Condee, 1997; Alshawabkeh 
and Maillacheruvu, 2001). Since microbes are too large to migrate through the anion-
exchange membrane, they will adhere to the membrane surface and cause an increase 
in the electrical resistance of the whole electrodialytic cell. Therefore, A. thiooxidans 
two-step medium is a poor candidate for use in ED due to the hindered transport of 







Figure 6.10: Comparison of metal transport efficiencies among the four solutions in 
the ED of coked catalysts. 
6.6.2 Decoked catalysts 
The leached fractions of Al, Ni and Mo in the four experiments are shown in Figure 
6.11. The best leaching efficiency from decoked catalysts was obtained by A. 
thiooxidans spent medium and citric acid. The pronounced better Al leaching by A. 
thiooxidans spent medium from coked catalysts was not observed in decoked catalysts. 
























































Water Citric SMDC 2SDC
Agatzini-Leonardou (1994) reported that citric acid gave as high Ni yields from 
leaching of NiO as sulfuric acid due to the strong chelating action of citric acid. A. 
thiooxidans two-step medium fared poorly against both A. thiooxidans spent medium 







Figure 6.11: Metals leached from decoked catalysts in ED with different solutions 
added. 
On comparing the amount of Al and Ni transported to the catholyte, it was again 







Figure 6.12: Comparison of metal transport efficiencies among the four solutions in 




CONCLUSIONS AND RECOMMENDATIONS 
7.1 Conclusions 
Spent Ni-Mo hydroprocessing catalyst contains Al, Ni and Mo as the major 
constituents and accumulated large amounts of C and S during catalytic operation. 
Decoking was able to remove most of the C and S. XRD and XPS studies identified 
the main compounds of Al, Ni and Mo in the different spent catalyst states as Al2O3, 
NiS and MoS2 for coked catalysts; and Al2O3, NiO and MoO3 for decoked catalysts. 
TCLP results of the catalysts before treatment showed that the Ni and Mo 
concentrations were much higher than the limits set by environmental authorities, 
hence spent hydroprocessing catalysts have been listed as hazardous waste by US EPA.  
The effectiveness of four different assisting agents (DI water, 0.1M citric acid, A. 
thiooxidans spent medium and A. thiooxidans two-step medium) for the recovery of 
heavy metals (Al, Ni and Mo) during ED of spent catalysts has been evaluated. It was 
found that for the leaching of all three metals, A. thiooxidans spent medium was the 
best assisting agent with citric acid a close second. The solubilization of the various 
metallic compounds was found to be mainly due to acidic attack. Among the different 
metals, Ni was the most easily leached whereas Al the least. The effectiveness of the 
different assisting agents in metal leaching can be summarized as follows: 
Coked:  Spent medium > Citric acid > Two-step medium ~ Water. 




In terms of removal to the electrode compartments, only Ni among the three metals 
was transported to the catholyte in significant quantities. It was concluded that the 
speciation of solubilized Ni using the different assisting agents was predominantly 
cationic. Mo, on the other hand, could not be transported to the electrode 
compartments in detectable quantities and the main reason was suspected to be the 
very slow migration of Mo ions and/or ion-complexes through the membrane phase. 
The employment of A. thiooxidans two-step medium as assisting agent was also found 
to negatively affect the transport of metals to the catholyte, possibly due to membrane 
surface fouling by the bacterial cells. 
Lastly, the effectiveness of ED as a treatment method for safe disposal of spent 
hydroprocessing catalysts has not been proven since the TCLP results of ED treated 
spent catalysts did not meet the limits set by environmental authorities. However, ED 
treatment lowered the Ni concentrations in TCLP leachate of catalysts by up to six 











This study allowed the utility of decoking spent catalysts to be questioned. The 
process of decoking is energy-intensive while emitting sulfur dioxide and carbon 
dioxide into the environment. Furthermore, it was observed that less Ni was leached 
from the decoked catalysts compared to the coked catalysts. The only advantage of 
decoking was significantly higher Mo leaching. Hence, further studies on the costs and 
benefits of extracting Mo over Ni should be conducted to rationalize the extra step of 
decoking in recovering heavy metals from spent catalysts. 
The relative low leaching efficiency of Al should also be addressed by either testing 
other microorganisms or other chemical assisting agents specific to extracting Al.  
ED at higher pulp densities should be investigated to determine the effect of pulp 
density on the metal extraction efficiency. In parallel to this, adaptation of A. 
thiooxidans to higher concentrations of the catalyst could also be tested. Santhiya and 
Ting (2006) adapted A. niger fungal strains to a mixture of Ni, Mo and Al metal ions 
and were thus able to bioleach spent refinery processing catalysts at higher pulp 
densities. Otherwise, effort should be focused on inducing the production of higher 
concentrations of sulfuric acid by A. thiooxidans to improve metal leaching efficiency.  
The removal of heavy metals from spent catalysts and subsequent isolation in the 
cathode compartment has been investigated. Further studies into the recovery of the 
metals from the catholyte are essential. Some of the current techniques for separating 
and recovering heavy metals from aqueous waste streams include the use of sorbents 
and ion-exchange resins. In particular, the combination of electrodialysis with ion-
exchange can be very effective since it can result in a substantial reduction of ions that 
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must be removed by the ion-exchange resins. This minimizes the labor-intensive and 
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Decoking period (hours) 
A.1 Decoking of spent catalysts 
Procedure: 
 Grind as-received spent catalyst pellets to dry powder form using a porcelain 
mortar and pestle.  
 Weigh out 8.5-9 g of spent catalyst powder and record this value (= weight 
before decoking).  
 Transfer the powder onto an aluminum foil holder and place inside a furnace. 
 Set the temperature of the furnace at 550oC (value from literature known to 
effectively oxidize carbon and sulfur). 
 Switch off the furnace after 2 hours and allow the powder to cool to room 
temperature. 
 Record the new weight of the spent catalyst powder (= weight after decoking). 
 Repeat the above steps for new samples of grounded spent catalyst powder for 
different times (4, 6, 8, 10 and 12 hours). 
 Calculate the % weight loss for each sample by  
              
(                      )   (                     )
(                      )
       












As can be seen from the graph, the % weight loss remains largely constant after 6 
hours of decoking. Hence, the decoking period is chosen to be 6 hours. 
Since different catalytic operations deposit different amounts of C and S on the 
catalyst, it is useless to compare the % weight loss with other literature sources. 
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A.2 Acid digestion (US EPA SW 846 method 3050B) 
Procedure: 
 Transfer 1 g (dry weight) of sample to a digestion vessel. 
 Add 10 ml of 1:1 concentrated HNO3 to the sample. Mix the slurry and cover 
with a watchglass. 
 Heat the sample to 95oC   5oC and reflux for 10 - 15 min without boiling. 
 Allow sample to cool, add 5 ml of concentrated HNO3 and reflux for 30 min. If 
brown color fumes are generated, repeat this step until no brown fumes are 
given off by the sample (indicating complete reaction with HNO3). 
 Heat the solution at 95oC   5oC without boiling for 2 hours under a watchglass. 
 Allow sample to cool. Add 2 ml of water and 3 ml of 30% H2O2 and continue 
warming to start the peroxide reaction. Ensure that losses do not occur due to 
excessively vigorous effervescence. 
 Continue to add 30% H2O2 in 1 ml aliquots with warming until the 
effervescence is minimal or until the general sample appearance is unchanged. 
Do not add more than a total of 10ml 30% H2O2. 
 Continue to heat the acid-peroxide digestate at 95oC   5oC without boiling for 
2 hours. 
 After cooling, dilute to 100 ml with deionized water. Particulates in the 
digestate are removed by centrifugation at 2000-3000 rpm for 10 min. Samples 
















A.3 Toxicity Characteristic Leaching Procedure (US EPA SW 846 method 1311) 
Determination of appropriate extraction fluid: 
 Transfer 5 g of solid waste to a 500 ml beaker. 
 Add 96.5 ml of reagent water to the beaker, cover with a watchglass and stir 
vigorously for 5 min with a magnetic stirrer.  
 Measure the pH. If the pH is < 5.0, use extraction fluid #1. 
 If pH is > 5.0, add 3.5 ml of 1N HCl, slurry briefly, cover with a watchglass, 
heat to 50
o
C and maintain this temperature for 10 min. 
 Let the solution cool to room temperature. Measure the pH. If the pH is < 5.0, 
use extraction fluid #1. Otherwise, use extraction fluid #2. 
 
TCLP extraction fluid: 
 Fluid #1: Add 5.7 ml glacial CH3CH2OOH (acetic acid) to 500 ml of reagent 
water, add 64.3 ml 1N NaOH and dilute to a volume of 1 liter. When correctly 
prepared, the pH of this fluid will be 4.93   0.05. 
 Fluid #2: Add 5.7 ml glacial CH3CH2OOH to 500 ml of reagent water and 
dilute to a volume of 1 liter. When correctly prepared, the pH of this fluid will 
be 2.88   0.05. 
 
Procedure: 
 Add an amount of extraction fluid equal to 20 times the weight of the solid 
phase to the solid (20 ml : 1 g). 
 Close the extractor bottle tightly, secure in rotary agitation device and rotate at 
30   2 rpm for 18   2 hours. Extraction temperature is maintained at 23   2oC. 
 Following the 18   2 hours extraction, filter to obtain the liquid phase. 
 Following the collection of TCLP extract, the pH of the extract is recorded. 









B.1 Preliminary Experiments 
 
Experimental set-up 
Metals solubilized (wt%) 
Al Ni Mo 
DI water decoked 18.9 59.2 5.4 
DI water coked 23.9 60.3 16.5 
Acetic acid decoked 30.8 81.6 3.4* 
Acetic acid coked 24.8 82.4 3.2* 
Citric acid decoked 72.2* 93.2 84.4 
Citric acid coked 75.8 93.8 64.2 
Sulfuric acid decoked 73.7* 79.4 33.8 
Sulfuric acid coked 39.5 63.3 5.0* 
2-step Thiooxidans decoked 41.3 78.9 42.3 
2-step Thiooxidans coked 46.1 89.9 12.3 
Spent medium Thiooxidans decoked 18.8 44.5 13.4* 
Spent medium Thiooxidans coked 45.3 59.3 48.5* 
2-step Ferrooxidans decoked 32.7 41.6 36.9 
2-step Ferrooxidans coked 26.1 57.4 30.5 
Spent medium Ferrooxidans decoked 28.2 63.7 59.3 
Spent medium Ferrooxidans coked 16.2 44.4 10.1 
* Signifies poor mass balance. 
 
Experimental set-up 
Metals transported (wt%) 
Al Ni Mo 
DI water decoked 17.5 59.2 1.5 
DI water coked 15.1 50.2 0.7 
Acetic acid decoked 24.5 77.2 0.0 
Acetic acid coked 19.2 65.6 0.0 
Citric acid decoked 20.6 59.3 0.0 
Citric acid coked 30.0 65.5 0.0 
Sulfuric acid decoked 34.6 59.9 0.0 
Sulfuric acid coked 26.5 51.7 0.0 
2-step Thiooxidans decoked 14.5 66.7 0.0 
2-step Thiooxidans coked 27.9 69.7 0.0 
Spent medium Thiooxidans decoked 13.7 32.0 0.0 
Spent medium Thiooxidans coked 14.1 34.6 0.0 
2-step Ferrooxidans decoked 12.0 19.1 0.0 
2-step Ferrooxidans coked 6.9 25.5 0.0 
Spent medium Ferrooxidans decoked 15.7 43.0 0.0 











I Catholyte (wt%) II Catholyte (wt%) 
Ni Al Mo pH Ni Al Mo pH 
0 0.000 0.000 0.000 - 0.000 0.000 0.000 - 
1 11.945 2.578 1.050 0.20 16.455 3.218 0.000 0.14 
2 21.508 5.675 0.557 0.54 29.135 6.230 0.000 0.40 
3 24.982 7.118 0.475 0.64 32.941 9.153 1.153 0.87 
4 48.433 11.296 0.529 - 46.001 12.147 0.707 - 
6 61.508 15.157 0.611 1.68 55.965 13.990 0.250 1.79 





I Anolyte (wt%) II Anolyte (wt%) 
Ni Al Mo pH Ni Al Mo pH 
0 0.000 0.000 0.000 - 0.000 0.000 0.000 - 
1 1.388 0.124 0.000 1.41 2.392 0.393 1.092 1.25 
2 1.792 0.159 0.000 1.04 1.547 0.652 1.053 0.99 
3 3.255 0.334 0.760 0.89 1.686 0.745 1.127 0.65 
4 2.301 0.660 0.767 - 2.236 0.911 1.570 - 
6 3.249 0.474 0.675 0.73 1.717 1.142 1.498 0.64 
7 4.109 0.554 0.662 0.71 2.447 1.083 1.401 0.64 
 
 
 I (wt%) II (wt%) 
Ni Al Mo pH Ni Al Mo pH 
Substrate 
solution 
29.538 12.687 26.511 1.21 20.134 17.549 21.056 1.34 
Treated 
catalysts 















I Catholyte (wt%) II Catholyte (wt%) 
Ni Al Mo Ni Al Mo 
0 0.000 0.000 0.000 0.000 0.000 0.000 
1 17.118 3.278 0.076 9.783 2.486 1.032 
2 28.014 6.617 0.236 20.876 6.145 0.727 
3 29.641 7.549 0.294 35.831 10.067 0.925 
4 47.122 9.911 0.484 42.858 8.883 0.796 
6 51.196 11.343 0.530 43.822 11.511 0.960 





I Anolyte (wt%) II Anolyte (wt%) 
Ni Al Mo Ni Al Mo 
0 0.000 0.000 0.000 0.000 0.000 0.000 
1 3.662 2.549 3.767 1.182 0.302 3.921 
2 3.027 0.858 2.374 1.346 0.476 2.902 
3 3.199 1.576 2.469 1.223 0.379 2.871 
4 3.275 1.001 3.289 1.285 0.475 3.011 
6 3.429 0.914 4.577 1.307 0.531 3.026 
7 3.438 1.250 4.972 1.700 0.712 2.496 
 
 
 I (wt%) II (wt%) 
Ni Al Mo pH Ni Al Mo pH 
Substrate 
solution 
28.891 18.979 39.106 1.35 30.170 19.384 37.104 1.27 
Treated 
catalysts 















I Catholyte (wt%) II Catholyte (wt%) 
Ni Al Mo pH Ni Al Mo pH 
0 0.000 0.000 0.000 - 0.000 0.000 0.000 - 
1 14.565 1.936 0.209 0.33 8.634 0.535 0.000 0.05 
2 37.059 5.402 0.179 1.02 25.492 1.741 0.000 0.89 
3 46.664 7.751 0.171 1.61 30.110 2.990 0.024 1.55 
4 50.160 9.148 0.229 - 34.472 4.547 0.062 - 
6 56.440 11.988 0.369 1.78 35.538 5.771 0.745 1.66 





I Anolyte (wt%) II Anolyte (wt%) 
Ni Al Mo pH Ni Al Mo pH 
0 0.000 0.000 0.000 - 0.000 0.000 0.000 - 
1 2.603 0.345 1.034 0.90 1.653 1.088 0.000 1.11 
2 1.948 0.433 1.341 0.91 2.018 1.165 0.000 0.98 
3 2.225 0.598 1.668 0.71 2.397 1.578 2.398 0.87 
4 1.858 0.541 2.060 - 2.103 1.837 1.088 - 
6 2.250 0.565 3.592 0.99 1.451 1.415 1.244 0.86 
7 2.588 0.458 2.387 0.56 2.192 2.040 1.345 0.82 
 
 
 I (wt%) II (wt%) 
Ni Al Mo pH Ni Al Mo pH 
Substrate 
solution 
28.699 19.708 32.290 1.68 24.520 21.676 34.484 1.89 
Treated 
catalysts 















I Catholyte (wt%) II Catholyte (wt%) 
Ni Al Mo Ni Al Mo 
0 0.000 0.000 0.000 0.000 0.000 0.000 
1 27.055 3.301 0.000 14.551 1.898 0.000 
2 48.398 6.733 0.000 42.501 4.881 0.031 
3 57.989 10.652 0.000 54.437 7.516 0.056 
4 69.002 16.113 0.017 68.476 12.884 0.099 
6 77.599 21.410 0.113 68.888 14.587 0.128 





I Anolyte (wt%) II Anolyte (wt%) 
Ni Al Mo Ni Al Mo 
0 0.000 0.000 0.000 0.000 0.000 0.000 
1 1.290 0.216 1.237 1.187 0.237 1.477 
2 1.772 0.257 1.329 1.312 0.313 1.925 
3 2.386 0.328 1.799 1.905 0.459 2.088 
4 2.285 0.319 2.190 2.034 0.385 2.473 
6 2.785 0.373 2.304 2.191 0.522 2.507 
7 3.179 0.499 2.536 2.390 0.584 2.468 
 
 
 I (wt%) II (wt%) 
Ni Al Mo pH Ni Al Mo pH 
Substrate 
solution 
22.870 23.224 52.129 1.57 22.998 24.070 51.258 1.51 
Treated 
catalysts 















I Catholyte (wt%) II Catholyte (wt%) 
Ni Al Mo Ni Al Mo 
0 0.000 0.000 0.000 0.000 0.000 0.000 
1 8.316 1.885 0.677 10.642 2.300 0.000 
2 16.044 4.204 0.266 17.908 4.538 0.000 
3 25.661 7.169 0.178 30.209 8.372 0.103 
4 30.730 8.874 0.171 33.810 10.509 0.015 
5 42.937 9.247 0.730 41.627 12.760 0.380 
6 53.375 11.812 1.139 50.944 15.546 0.578 





I Anolyte (wt%) II Anolyte (wt%) 
Ni Al Mo Ni Al Mo 
0 0.000 0.000 0.000 0.000 0.000 0.000 
1 1.772 0.653 1.091 1.201 0.217 0.112 
2 3.670 1.018 1.055 1.315 0.305 0.016 
3 3.412 1.572 1.139 1.945 0.328 0.194 
4 4.613 1.647 1.043 1.187 0.399 0.103 
5 4.848 1.696 1.051 1.814 0.392 0.082 
6 4.917 1.484 1.082 1.677 0.547 0.185 
7 5.358 1.918 1.128 4.578 0.915 0.543 
 
 
 I (wt%) II (wt%) 
Ni Al Mo Ni Al Mo 
Substrate 
solution 
35.535 30.133 37.357 31.490 37.912 48.474 
Treated 
catalysts 














I Catholyte (wt%) II Catholyte (wt%) 
Ni Al Mo Ni Al Mo 
0 0.000 0.000 0.000 0.000 0.000 0.000 
1 3.711 0.558 0.000 3.512 0.506 0.000 
2 8.226 1.868 0.000 7.574 1.826 0.000 
3 10.020 2.443 0.064 8.430 2.530 0.000 
4 13.123 3.401 0.087 11.689 3.118 0.034 
5 18.934 6.098 0.618 20.403 7.326 0.407 
6 19.882 6.478 0.783 32.594 8.189 0.453 





I Anolyte (wt%) II Anolyte (wt%) 
Ni Al Mo Ni Al Mo 
0 0.000 0.000 0.000 0.000 0.000 0.000 
1 3.343 0.285 0.920 1.330 0.105 0.039 
2 5.219 0.374 0.901 1.690 0.651 0.125 
3 2.630 0.290 0.920 1.867 0.674 0.356 
4 3.000 0.429 0.876 1.375 0.677 0.470 
5 3.420 0.300 0.935 1.832 0.730 0.680 
6 2.974 0.223 0.887 1.784 0.734 0.426 
7 2.718 0.351 0.869 8.017 0.808 0.451 
 
 
 I (wt%) II (wt%) 
Ni Al Mo Ni Al Mo 
Substrate 
solution 
48.188 15.637 11.493 50.462 16.804 12.849 
Treated 
catalysts 














I Catholyte (wt%) II Catholyte (wt%) 
Ni Al Mo Ni Al Mo 
0 0.000 0.000 0.000 0.000 0.000 0.000 
1 7.318 1.978 0.000 8.355 2.661 3.051 
2 12.135 3.614 0.086 14.877 3.411 0.431 
3 16.440 4.933 0.499 24.952 5.553 0.612 
4 26.174 6.893 0.704 26.757 7.214 0.225 
5 32.213 6.857 0.651 28.945 9.531 0.087 
6 35.410 12.774 0.747 32.497 13.388 0.141 





I Anolyte (wt%) II Anolyte (wt%) 
Ni Al Mo Ni Al Mo 
0 0.000 0.000 0.000 0.000 0.000 0.000 
1 1.912 0.514 0.851 - - - 
2 2.567 0.809 0.812 3.587 0.197 0.875 
3 1.434 0.874 0.685 3.005 0.171 0.800 
4 3.646 0.986 0.722 3.928 0.318 0.822 
5 2.038 1.001 0.707 3.474 0.273 0.744 
6 2.158 0.995 0.719 3.696 0.305 0.675 
7 2.349 1.046 0.854 4.514 0.190 0.741 
 
 
 I (wt%) II (wt%) 
Ni Al Mo Ni Al Mo 
Substrate 
solution 
42.842 23.163 50.516 44.881 24.318 55.048 
Treated 
catalysts 














I Catholyte (wt%) II Catholyte (wt%) 
Ni Al Mo Ni Al Mo 
0 0.000 0.000 0.000 0.000 0.000 0.000 
1 6.309 1.694 0.000 8.432 2.098 0.673 
2 11.683 3.683 0.000 18.259 3.489 0.158 
3 18.103 4.839 0.000 26.146 5.872 0.055 
4 22.821 6.549 0.000 29.655 7.135 0.141 
5 21.627 6.780 0.000 28.845 7.460 0.129 
6 23.972 8.236 0.000 32.654 8.972 0.022 





I Anolyte (wt%) II Anolyte (wt%) 
Ni Al Mo Ni Al Mo 
0 0.000 0.000 0.000 0.000 0.000 0.000 
1 1.428 0.164 1.220 1.985 0.070 2.070 
2 1.377 0.217 1.138 2.278 0.107 0.738 
3 1.103 0.165 2.029 2.550 0.269 0.639 
4 2.531 1.399 2.730 3.788 0.286 0.851 
5 1.759 1.320 1.989 1.664 0.264 0.703 
6 1.021 1.380 1.848 1.950 0.307 0.679 
7 1.087 1.473 2.137 2.445 0.300 0.721 
 
 
 I (wt%) II (wt%) 
Ni Al Mo Ni Al Mo 
Substrate 
solution 
34.067 22.096 38.177 27.517 17.578 32.694 
Treated 
catalysts 
31.442 73.403 31.105 35.091 82.168 31.137 
 
 
 
 
 
 
 
